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ABSTRACT 
 
 
 
 
 
 
 
 
 
 
 

REGULATION OF ADAPTIVE AND INNATE IMMUNITY BY THE CIRCADIAN 

TRANSCRIPTION FACTOR NFIL3 

 
 

Publication No.   
 
 

Xiaofei Yu, Ph.D. 
 

The University of Texas Southwestern Medical Center at Dallas, 2014 
 
 

Supervising Professor: Lora V. Hooper, Ph.D. 
 
 
 

The day-night cycle has a profound impact on animal physiology, which has been shown to 

be mediated by an intracellular timing system called the circadian clock. However, little is 

known about whether and how the day-night cycle and the circadian clock influence host 

immunity. Here, I show that the circadian transcription factor NFIL3 is critical for both 

adaptive and innate immunity by regulating TH17 cells and innate lymphoid cells (ILCs), 

respectively.  
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First, NFIL3 transcriptionally represses RORt, the master regulator of TH17 cells, by 

directly binding to the Rort promoter and thereby suppresses TH17 cell development from 

naïve T helper cells. Consistent with oscillation of Nfil3 expression during the circadian 

cycle, Rort expression also oscillates in mice, with higher expression at noon and lower 

expression at midnight. Accordingly, naïve T helper cells show greater potential to develop 

into TH17 cells at noon than at midnight. Furthermore, artificially disturbing the circadian 

cycles of mice by manipulating their light exposure results in circadian clock-mediated 

disruption of TH17 homeostasis and increased susceptibility to experimentally-induced 

colitis. Therefore, NFIL3 regulates TH17 cell development in a circadian manner.  

Second, NFIL3 is essential for the development of all major types of innate lymphoid 

cells (ILCs) by regulating the generation of ILC progenitors in the bone marrow. One of the 

NFIL3-dependent progenitor populations, LP, can differentiate into all major types of ILCs 

in vivo. NFIL3 controls progenitor development by activating a High Mobility Group (HMG) 

transcription factor Tox directly in common lymphoid progenitors (CLPs). Accordingly, 

restoring Tox expression in Nfil3-deficient progenitors rescues ILC development in mice. So 

NFIL3 regulates ILC development by activating Tox expression in bone marrow precursors. 

Taken together, my work demonstrates that NFIL3 is a critical regulator of host 

immunity and that it modulates immune functions along the circadian cycle. This study is 

among the first to reveal the influence of the circadian clock on host immunity and provides 

novel insights into the regulatory mechanisms underlying variations of immune cell 

development and function during the circadian cycle.    
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CHAPTER ONE 

INTRODUCTION 

 

The day-night cycle is a fundamental feature of life on earth, which creates rhythmic changes 

in environmental factors such as light and temperature. During evolution, living organisms 

have developed sophisticated internal timing systems, known as circadian clocks, to 

anticipate such changes and coordinate physiological processes accordingly [1]. This can be 

observed macroscopically as rhythms in behaviors such as sleep-wake and feed-fast or 

microscopically as oscillation in cellular activities such as endocrine secretion. A growing 

number of studies have started to reveal the molecular mechanisms by which the circadian 

clock controls cell metabolism [2]. However, little is known about whether and how the 

circadian clock impacts immune functions in animals [3].  

 

 THE CIRCADIAN CLOCK 

The circadian clock is an evolutionarily conserved mechanism that allows living organisms 

to adapt to the rhythmic day-night transition. So far, the circadian clock has been found in 

virtually all major life forms, including cyanobacteria [4], plants [5], insects [6] and 

mammals [7], though their organizations and components can be different. Based on its 

biochemical nature, the circadian clock can be roughly categorized into two forms: the 

transcriptional/translational autoregulatory network [1] and the reduction-oxidation (redox) 

loop [8-10]. They are also called the “genetic clock” and the “metabolic clock” [11], 

respectively. The genetic clock usually consists of a group of transcriptional regulators that 
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cross-regulate each other’s expression, while the metabolic clock mainly functions through 

oxidation and reduction of peroxiredoxin enzymes. Because the metabolic clock has been 

recently identified and most well-studied clocks in various species fall into the genetic clock 

category, the term “circadian clock” will hereafter refer to the genetic clock only, unless 

stated otherwise. 

 

The hierarchical organization of the mammalian circadian clock system 

The circadian clock is believed to exist in virtually every cell in mammals. To coordinate the 

clock function in a large number of cells, the mammalian circadian clock is organized into 

two hierarchical levels: the central clock and the peripheral clock [1]. The central clock is 

located in the brain, which receives signals from the outside environment and sends out 

signals to modulate the peripheral clock. The peripheral clock refers to the clock in non-brain 

tissues such as muscle and liver, which governs local physiological activities.   

 

The central clock 

The central clock, a.k.a. the “master pacemaker”, is comprised of ~20,000 neurons in the 

Suprachiasmatic Nucleus (SCN) of the hypothalamus. Because the period of the circadian 

clock is not exactly 24 hours, external environmental signals are necessary to entrain and 

synchronize the internal clock in order to align it with the day-night cycle. Arguably the most 

important entraining signal is light, which is sensed by the retina in the eyes and conveyed to 

the SCN through the retinohypothalamic tract (RHT) [12]. The RHT innervates the SCN and 

releases glutamate and the neuropeptide pituitary adenylate cyclase activating peptide 
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(PACAP), which leads to activation of SCN neurons [13]. After activation, SCN neurons 

send out synchronization signals to other tissues, either directly through neural projections or 

indirectly through body temperature (via the hypothalamus) and hormones (such as 

glucocorticoids from the adrenal gland), to modulate the peripheral clock [1]. In addition, the 

central clock can also relay day-night temporal information to the peripheral clock through 

food signals by controlling feeding behaviors of animals. 

 

The peripheral clock 

The peripheral clock functions autonomously in individual cells in peripheral tissues such as, 

but not limited to, the liver, intestine, heart, kidney, skeletal muscles and adipose tissues. 

There are key differences between the peripheral clock and the central clock. First, the 

peripheral clock does not process environmental signals such as light directly, but instead 

receives circadian information through synchronizing signals originating from the SCN, such 

as hormones and body temperature. Second, the peripheral clock is more sensitive to body 

temperature and food signals. For example, the peripheral clock can be reset and 

synchronized by body temperature, while the SCN is resistant to temperature variation [14], 

which makes body temperature the universal resetting cue of the peripheral clock. Food 

intake can also greatly influence the peripheral clock in certain tissues, such as the liver, as 

limiting food intake in mice during the day can readily dissociate the activity of the 

peripheral clock from that of the SCN. This has been shown to involve Sirtuin 1 (SIRT1) and 

Poly(ADP-Ribose) Polymerase 1 (PARP1) [15-17]. Third, the peripheral clock is more 

involved in regulating the physiological activities of local tissues, such as metabolism [2, 18].  
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The molecular basis of the mammalian circadian clock 

Though circadian oscillation was first observed in the early 1700s, understanding the 

molecular basis of the circadian clock only began to be established in the late 1900s [7, 19]. 

The first identified gene involved in the circadian clock was Period in Drosophila 

melanogaster [20], which was discovered by screening mutants that had shown an altered 

circadian pattern of eclosion, as wild-type Drosophila flies preferentially emerge from the 

pupal case in the morning. The first gene in the mammalian circadian clock, named Clock, 

was identified in 1994 by genetic screening too [21] and subsequently cloned in 1997 [22].  

Soon after, the mammalian homologs of the fruit fly Period gene were also identified [23].  

Since then, many other circadian clock components have been discovered, which have 

collectively led to our current understanding of the molecular clock (FIGURE 1) [1]. 

 

The molecular clock 

The core of the clock consists of two transcription activators, Bmal1 and Clock, which are 

basic helix-loop-helix (bHLH)-PAS transcription factors. Upon expression, BMAL1 and 

CLOCK dimerize and activate downstream genes by binding directly to the E-box motif 

(CACGTG) in the promoters [24]. One group of the downstream genes are Periods and 

Cryptochromes, which form dimers and interact with BMAL1:CLOCK to suppress the 

latter’s function [25]. Another group of BMAL1:CLOCK target genes include nuclear 

hormone receptors Rev-erb and Rev-erb, which bind to the RRE motif (GGTCA) in the 

Bmal1 promoter to repress Bmal1 expression [26]. Thus PER:CRY and REV-ERBs form two 
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negative feedback loops to inhibit BMAL1:CLOCK post-translationally and 

transcriptionally, respectively. Once BMAL1:CLOCK activity drops, expression of these 

negative regulators also decreases and eventually leads to de-repression of BMAL1:CLOCK. 

Therefore, expression of the circadian clock components oscillates during the day-night cycle 

with a period of ~24 hours (FIGURE 1).  

 

Additional clock regulatory mechanisms 

The function of the core clock is fine-tuned by additional mechanisms, particularly post-

translational modifications. First, SUMOylation of BMAL1 increases BMAL1 turnover, 

which is critical for maintaining rhythmicity of BMAL1 in vivo [27]. Second, PER1 and 

PER2 are phosphorylated by Casein Kinase I delta and epsilon (CKI/), which leads to 

nuclear translocation and ubiquitin-mediated degradation [28, 29]. Third, the Cryptochrome 

CRY1 can be phosphorylated by the Adenosine Monophosphate (AMP)-activated protein 

kinase (AMPK) at Serine-71, which targets CRY1 for ubiquitination and degradation [30]. 

Fourth, the Glycogen Synthase Kinase 3 beta (GSK-3) can phosphorylate and stabilize 

REV-ER leading to persistent repression of Bmal1 [31]. Fifth, the activity of REV-ERBs 

can be inhibited by nuclear hormone receptors Retinoid-Related Orphan Receptors (RORs), 

which are also transcriptionally activated by BMAL1:CLOCK, but functionally compete 

with REV-ERBs by binding to the same DNA motif (GGTCA) and activating Bmal1 [32].  
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Other clock-related genes 

In addition to the circadian clock genes mentioned above, there are many other circadian 

clock-related genes in mammals, which can be categorized into two groups. The first group 

consists of homologs of the circadian clock genes, which may exhibit tissue-specific 

expression patterns but can functionally replace the circadian clock genes. For example, 

NPAS2 is a paralog of CLOCK that forms a dimer with BMAL1 to participate in the clock 

network in the mouse forebrain [33]. Similarly, BMAL2 is a homolog of BMAL1 and can 

dimerize and function with CLOCK [34]. The second group involves genes regulated by the 

circadian clock, also known as Clock-Controlled Genes (CCGs). The circadian clock 

components not only regulate each other within the circadian clock network, but also regulate 

genes outside the network [35], thereby converting rhythms of the circadian clock activity 

into oscillations of cellular processes. Functions of many CCGs have been well studied, such 

as the PAR-bZip transcription factors DBP, HLF, and TEF; the bZip transcription factor 

NFIL3; and bHLH transcription factors DEC1 and DEC2. For example, NFIL3, the focus of 

my thesis work, is directly activated by BMAL1:CLOCK and repressed by REV-ER[35, 

36]   

 

 

 CIRCADIAN REGULATION OF IMMUNITY  

Mammals, including humans, are densely colonized by microbes on both exterior surfaces, 

such as skin, and interior surfaces such as the gastrointestinal tract (GI tract), upper 

respiratory tract as well as the urogenital tract. Meanwhile, pathogens including bacteria, 
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fungi and viruses from the outside environment pose great threats to the body. In order to 

defend themselves, mammals have developed a sophisticated immune system during 

evolution to prevent and resolve infections, which eventually helps establish a symbiotic 

relationship between the host and indigenous microbes [37].  

The immune system consists of two branches: the innate immune system and the 

adaptive immune system. The innate branch includes cells that can directly sense microbes 

and respond immediately. Macrophages, dendritic cells (DCs), granulocytes, intestinal 

epithelial cells and innate lymphoid cells fall into this category. These cells sense infection 

using germline-encoded pattern recognition receptors (PRR) to recognize microbe-associated 

molecular patterns (MAMP) and damage-associated molecular patterns (DAMP). These 

molecular patterns usually associate with a group of microbes or host cells and therefore can 

initiate a broad, rather than specific, immune defense program.  The adaptive branch involves 

cells that require priming to mount optimal responses against infections, such as T cells and 

B cells. They utilize somatically rearranged receptors to sense specific antigens. Once an 

antigen receptor-bearing B or T cell clone recognizes antigens presented by the antigen 

presenting cells (APCs), this clone will undergo extensive proliferation (clonal expansion) 

and differentiation so as to mount immune protection specifically against this particular 

antigen. In addition to defending against current infection, a subset of adaptive immune cells 

generated during the primary immune response can live from months to years in the body, 

which allows for faster and stronger immune responses against the same pathogens during 

reinfection in the future (immunological memory). Despite such differences, both innate and 

adaptive immune cells have been shown to harbor a functional circadian clock [38]. 
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Daily oscillation of immune factors 

Early evidence that immune functions may be regulated by the circadian clock stemmed from 

the observation that some immune factors show daily oscillations in the body [3]. First, it has 

been reported that levels of many immune cytokines oscillate in the blood [39, 40]. These 

cytokines include, but are not limited to, interleukin (IL)-1, IL-6, IL-10, IL-12, Tumor 

Necrosis Factor (TNF)- and Interferon (IFN)-.  Second, the cellularity of immune cells 

also oscillates in the blood and other immune tissues [40-44]. For example, numbers of 

eosinophils, B cells, macrophages, monocytes and neutrophils show daily oscillation in 

blood, spleen and other tissues, which may indicate circadian regulation of cell 

differentiation and/or recruitment. Eosinophils are of particular interest as they have a very 

short life span in circulation, with a half-life of 3~18 hours. The half-life is short enough to 

cause cell number variation during the circadian cycle, with 200~300 eosinophils per 

microliter blood in the morning (10:00) and ~100 eosinophils in the same amount of blood at 

night (22:00) [45].  However, the exact role of the circadian clock in the oscillation of 

immune factors requires further examination. 

Circadian oscillations of immune cells may also serve as a homeostatic signal in the 

body. For example, the number of neutrophils oscillates in the blood during the circadian 

cycle, partly due to homing of “aged” neutrophils back to the bone marrow at the end of the 

resting period (late afternoon for mice) [44]. Macrophages in the bone marrow take up these 

“aged” neutrophils and activate their LXR pathway, which leads to downregulation of the 
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hematopoietic stem cell (HSC)-retaining chemokine CXCL12 in the bone marrow and thus 

release of HSCs into blood circulation [44]. 

 

Circadian regulation of immune functions 

It has been known for more than 50 years that responses to endotoxin (lipopolysaccharide, 

LPS) in mice vary during the circadian cycle [46]. In 1960, Halberg and colleagues 

challenged mice by injecting LPS at different times of the day and discovered that mice 

challenged during the day exhibited greater mortality than those treated at night, with peak 

mortality seen in mice treated in the late afternoon and the nadir at midnight. This is probably 

the first observation demonstrating that the immune responses are impacted by the circadian 

cycle. However, not much was known about either the circadian clock or the immune 

receptor to LPS (i.e. TLR4) when this observation was initially published. With advances in 

understanding of both the circadian clock and immunity, several recent studies have 

established molecular pathways by which the circadian clock regulates immune responses. 

 
Circadian regulation of sepsis responses 

Injection of LPS into mice leads to systemic immune responses characterized by acute 

production of large quantities of pro-inflammatory cytokines such as TNF-, IL-1 and IL-6, 

which mimics immune responses during systemic bacterial infection. This leads to a disease 

condition called sepsis, with a resulting mortality due to immunopathology [46].  

Early studies revealed that macrophage production of pro-inflammatory cytokines 

responding to LPS stimulation differs during the circadian cycle, with higher responses in the 

late afternoon and lower in early morning [47], indicating that the sepsis response is 
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regulated by the circadian clock. This variation is dependent on the circadian clock 

components REV-ERB and BMAL1 [47].  With a setting similar to Halberg et al [46], a 

recent study shows that the core circadian clock component, CLOCK, directly interacts with 

the p65 subunit of NFB [48], a critical transcription factor that acts downstream of Toll-like 

Receptors (TLR) as well as cytokine (such as TNF- and IL-1) receptors. By interacting 

with p65, CLOCK enhances NFB-activated gene expression in the nucleus and therefore 

modulates NFB-mediated immune responses along the circadian cycle. 

 
Circadian regulation of T cell responses 

T cells are an important group of adaptive immune cells that function by either secreting 

cytokines to coordinate the function of other immune cells (CD4+ T cells, a.k.a T helper 

cells) or by directly killing infected cells (CD8+ T cells, a.k.a cytotoxic T cells or CTL). With 

the evidence of a functional circadian clock in T cells [49], it is intriguing to test whether T 

cell responses can be regulated by the circadian clock. By stimulating T cells in vitro, Fortier 

et al demonstrated that mouse T cells respond to stimulation in a circadian manner, with 

higher responses in the late afternoon and early evening [50]. This circadian pattern of 

responses is dependent on the circadian clock, as deficiency in the clock gene abolishes such 

circadian variation. Interestingly, delivery of ovalbumin as an antigen by bone marrow 

derived dendritic cells (BMDCs) at noon results in more ovalbumin-specific (CD8+) T cells 

in mice than delivery at midnight. The discrepancy between in vitro stimulation and in vivo 

activation may reflect the time it takes for the BMDCs to migrate to lymphoid tissues and 

interact with T cells in vivo.   
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Variation in T cell responses also correlates with circadian expression of the key 

tyrosine kinase ZAP70 downstream of the T cell receptor (TCR) [50]. However, there remain 

questions as to i) whether and how the circadian clock regulates ZAP70 expression and ii) if 

circadian variation in ZAP70 protein levels is responsible for overall T cell response 

variation during the circadian cycle. Also using bulk cells from the spleen and lymph nodes 

without purifying and fractionating T cell subtypes in this study could complicate 

interpretation of the data. 

 

Circadian regulation of B cell responses 

B cells are the adaptive immune cells that produce antibodies against invading pathogens. 

Silver et al have shown that TLR9 expression in mouse B cells oscillates during the circadian 

cycle, with higher expression in the early evening [51]. Expression of TLR9 is dependent on 

the circadian clock, as mutation in PER2 or knockdown CLOCK by siRNA decreases TLR9 

expression. Accordingly, immunizing mice at midnight leads to better immune responses in 

mice as measured by cell proliferation and cytokine production, when the TLR9 ligand, CpG 

oligodeoxynucleotides (CpG ODN), is used as adjuvant. However, the author did not assess 

how the antibody production by B cells was impacted by differing the time of immunization. 

In addition, because immunization was performed by intraperitoneal injection of ovalbumin 

and CpG, potential circadian variation in migration of antigen presenting cells (including B 

cells) and antigen processing could play a role in the final immune responses. Therefore, the 

optimal time of immunization described in this study does not necessarily agree with the 
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optimal immunization time described in the T cell study [50], in which antigen was delivered 

by intravenous injection of antigen-loaded BMDCs.   

 

Circadian regulation of monocyte recruitment 

Monocytes are a group of myeloid cells in the blood that are capable of phagocytosis as well 

as secretion of cytokines, such as IL-1, IL-6, and TNF- upon activation. Monocytes 

develop in the bone marrow and retain proliferative capacity when released into blood. 

Monocytes can further differentiate into tissue-resident macrophages and dendritic cells once 

they migrate into peripheral tissues such as liver and skeletal muscle. Two recent studies 

demonstrated that recruitment of monocytes is regulated by the circadian clock [42, 43]. In 

mice, numbers of monocytes in the blood and spleen are greater during the day and lower at 

night, while the numbers in the bone marrow and skeletal muscle show an opposite 

oscillation pattern. This circadian recruitment pattern is abolished by genetic deficiency of 

the circadian clock component BMAL1 or surgical removal of local adrenergic nerves. 

Further studies revealed that BMAL1:CLOCK regulates expression of the monocyte-

migration signal CCL2, which is responsible for circadian recruitment of monocytes into 

peripheral tissues. 

 

 

 NFIL3  

NFIL3 denotes “nuclear factor, interleukin 3 regulated” and is also known as E4BP4. It was 

first identified as a transcription factor that can bind the adenovirus E4 promoter in a 
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sequence-specific manner (and hence the name E4BP4) [52]. It was later independently 

discovered as a factor that binds the IL-3 promoter in human T cells and activates IL-3 

expression, hence it was named as NF-IL3A [53]. This and a later study showed that it could 

also be induced by IL-3 in T cells and B cells, respectively, which led to its current name, 

NFIL3 [54].   

 

The biochemical nature of NFIL3 

NFIL3 is well conserved in mouse and other species at the both protein and DNA levels 

(FIGURE 2A). It contains a DNA binding domain at the N-terminus and a regulatory domain 

at the C-terminus (FIGURE 2B).  

 

The DNA-binding domain 

A basic leucine zipper (bZIP) domain at the N-terminus is responsible for the DNA-binding 

activity of NFIL3. Accordingly, NFIL3 binds DNA as a dimer [52], as do most other bZIP 

transcription factors. The basic region directly interacts with DNA and the leucine zipper 

mediates dimerization. This is also consistent with the palindromic sequences of the NFIL3 

binding site RTTAYRTAA [52]. However, NFIL3 can also bind to motifs that do not align 

perfectly with this consensus sequence. For example, NFIL3 binds to the D-box motif 

(ATTATGCAAC) to compete with D-box-binding proteins such as DBP [55]. The binding 

site of NFIL3 in human IL-3 promoter is ATAATTAC, which deviates even more from the 

consensus [53].  
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 The regulatory domain 

NFIL3 can function as either a transcriptional activator or a repressor, depending on the 

context of the promoter it occupies. For example, NFIL3 activates IL-3 expression but 

represses the adenovirus E4 promoter activity [52, 53]. While the activation domain has not 

been identified, the repression domain was found at the C-terminus of the NFIL3 protein 

[56]. The minimum repression domain lies between I299 and F363 of the human NFIL3 

protein, and positively-charged K330 and K332 are critical for the suppression activity, as 

mutating these two lysine residuals to glutamates (K →E) abolishes the suppressive effect 

[56]. 

 

Regulation of NFIL3 

Transcriptional regulation of Nfil3 

Expression of Nfil3 is regulated by multiple signaling pathways, such as those activated by 

cytokines and hormones. First, it has been shown that IL-3 can induce Nfil3 in T and B cells 

[53, 54], which is mediated by transcription factors GATA-1 and GATA-2 [57]. Second, 

Nfil3 expression can be induced in macrophages by exposing to LPS [58]. However, the 

LPS-sensing TLR4-MyD88 signaling pathway does not induce Nfil3 directly. Instead, LPS 

engagement of TLR4 leads to release of IL-10, which then acts back on macrophages to 

induce Nfil3 [58]. When macrophages are deficient in IL-10 or an IL-10-neutralizing 

antibody is present, LPS fails to induce Nfil3 expression. Indeed, an earlier study reveals that 

IL-10 induces Nfil3 in macrophages through the transcription factor STAT3 [59]. Third, IL-4 

activates Nfil3 expression in T and B cells through STAT6 [60, 61]. Fourth, Nfil3 expression 
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can be induced by IL-15 in human T cells [62], though the detailed mechanism is not clear. 

Fifth, p53 suppresses Nfil3 expression in the murine myeloid leukemia cells M1p53tsval, 

which can be overridden by IL-6 [63]. This is not surprising as IL-6 also signals through 

STAT3. Sixth, Parathyroid hormone (PTH) can also act as an Nfil3 inducer through the 

cAMP pathway in osteoblasts [64, 65]. Seventh, upregulation of Nfil3 can also occur when 

adipocytes and fibroblasts receive insulin signals, which is mediated by AKT activation [66, 

67]. The complexity of signals that regulate Nfil3 expression in a wide range of tissues may 

reflect the broad role of Nfil3 in various physiological processes in the body. 

 The basal expression of Nfil3 is regulated by the circadian clock. As mentioned 

before, BMAL1:CLOCK directly activates Nfil3 expression while REV-ERdirectly 

represses its expression [35, 36]Interestingly, in Clock-deficient mice, Nfil3 expression is 

higher than in wild-type mice, consistent with lower expression of both Rev-erb and Rev-

erb, suggesting that repression of Nfil3 by REV-ERBs is a dominant pathway in circadian 

regulation of Nfil3 [68].  



Post-Translational regulation of NFIL3 

It has been reported that NFIL3 can be phosphorylated in B cells, but the physiological role 

of this phosphorylation is not clear [69]. However, it has been shown that phosphorylation of 

NFIL3 at Ser-182 by CKI mediates proteasomal degradation of NFIL3 [70].  

 

The function of NFIL3 in immune cells 
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The function of NFIL3 has been widely studied in multiple physiological contexts such as 

circadian clock, metabolism, apoptosis, and neuron development [55, 67, 71, 72]. Due to the 

scope of my thesis research, I will focus on its role in immune cells and immune responses in 

this section.  

 

Role of Nfil3 in macrophages and dendritic cells 

In macrophages, NFIL3 represses Il12b, encoding IL-12p40, downstream of IL-10 signaling 

[58, 73]. After induction by IL-10, NFIL3 binds directly to the ATGATGTAAG motif in the 

Il12b promoter, thereby suppressing production of IL-12. Though IL-12p40 is a shared 

subunit of IL-12 and IL-23, IL-23 production by Nfil3-/- DCs stimulated with LPS or LPS 

together with IL-10 is comparable to wild-type DCs, indicating differential regulation of IL-

12 and IL-23 in DCs [73].  

 In addition to regulating Il12b, NFIL3 is critical for in vivo development of CD8+ 

DCs, a class of DCs that predominantly produce IL-12 after activation [74]. Furthermore, 

residual DCs in Nfil3-/- mice fail to produce IL-12 in response to poly (I:C), the TLR3 ligand. 

However, their responses to LPS (TLR4 ligand) and CpG (TLR9 ligand) are partially 

retained, suggesting that NFIL3 impacts TLR signaling in a receptor-specific manner [74]. 

 

Role of Nfil3 in T cells 

Immature T cells in the thymus, especially CD4+ CD8+ (DP) T cells, are susceptible to 

apoptosis induced by glucocorticoid, a process termed glucocorticoid-induced cell death 

(GICD) [75, 76]. It has shown that GICD is mediated by NFIL3 downstream of 
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glucocorticoid signaling. The glucocorticoid receptor directly activates Nfil3 by binding to 

the Nfil3 promoter and, conversely, knockdown of NFIL3 confers cell resistance to GICD in 

a cell culture model (CTLL-2) [75]. 

In mature T cells, NFIL3 has been shown to regulate type 2 cytokine production, such 

as IL-5, IL-10 and IL-13 [77, 78]. In TH2 cells, the T helper cell subtype that predominately 

produces type 2 cytokines, loss of Nfil3 leads to impaired production of IL-4 and elevated 

production of IL-5 and IL-13, which can be partially explained by binding of NFIL3 to the 

Il13 promoter [78]. Interestingly, TH1 cells that usually produce type 1 cytokines such as 

IFN can also produce IL-10 and IL-13 under chronic infection or repetitive stimulation, 

which is mediated by NFIL3 through binding to their promoters [77]. Indeed, overexpression 

of Nfil3 in TH1 cells can force TH1 cells to produce IL-10 and IL-13. Therefore, NFIL3 

functions differently in different T helper lineages. 

 

Role of Nfil3 in B cells 

It has been shown that NFIL3 is critical for IL-3-mediated survival of pro-B cells [54]. 

However, it is not clear whether NFIL3 promotes survival by inhibiting FOXO-induced 

apoptosis as it does in cancer cells [71]. 

  In mature B cells, NFIL3 promotes class switch recombination to IgE by binding to 

the I promoter and activating Ig GL transcription [69]. Accordingly, Nfil3-/- mice have 

much lower levels of IgE in the serum than in wild-type mice, while overexpression of Nfil3 

in wild-type B cells elevates IgE production. Interestingly, NFIL3 seems to regulate IgE 

specifically as neither Nfil3 deficiency nor Nfil3 overexpression impacts IgG production. 
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Role of Nfil3 in Natural Killer (NK) cells 

The role of Nfil3 in NK cells has been intensively studied. Early studies showed that Nfil3-/- 

mice are deficient in NK cell development compared to wild-type mice [69, 79, 80]. Further, 

NK cell deficiency was attributed to impaired differentiation of immature NK cells from 

committed NK cell precursors (NKP) as the frequencies of NKP in the bone marrow of wild-

type and Nfil3-/- mice are comparable but immature NK cells in Nfil3-/- mice are markedly 

reduced [79, 80]. Though NKP cells are committed to develop into NK cells with no T, B, 

myeloid or erythroid differentiation potential, the NKP population is heterogeneous, as only a 

small fraction of NKP cells (estimated 10%~30%) can differentiate into NK cells [81, 82]. So 

deficiency of NK progenitors upstream of immature NK can go unnoticed when examined 

this way. 

 Recently, two studies further defined early NK precursors in the mouse bone marrow, 

namely PreNKP and rNKP [83, 84]. Re-examination of Nfil3-/- mice revealed that both 

PreNKP and rNKP cells are reduced in Nfil3-/- mice compared to wild-type mice while 

upstream common lymphoid progenitors (CLPs) are largely intact [85, 86], indicating the NK 

cell deficiency occurs during differentiation from CLP to PreNKP. Despite conflicting data 

on the role of NFIL3 in Id2 expression during NK development, NFIL3 directly binds to the 

promoter of Eomes, another transcription factor involved in NK cell development. 

Accordingly, restoring Eomes expression in multipotent progenitors rescues NK cell 

development in vivo and in vitro [85, 86]. For the residual NK cells in Nfil3-/- mice, their 
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maintenance and function appear to be normal compared to wild-type NK cells during viral 

infection, which may be due to strong immunological stimulation during that process [87].   

Because of the heterogeneity of NK cells, NFIL3 is not required for the development 

of all NK cells as several groups of NK cells are largely unaffected in Nfil3-/- mice [88, 89].  

 
 

Taken together, NFIL3 has emerged as a critical regulator of the immune system in 

the past few years [90]. Given that it is regulated by the circadian clock, NFIL3 may serve as 

a molecular link that bridges the circadian clock and immune functions.    
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FIGURE 1: The mammalian circadian clock. 

Schematic illustrating the molecular clock in mammalian cells (adapted from [1]). 

Expression of BMAL1 and CLOCK leads to activation of PER/CRY and REB-ERB/, 

which repress BMAL1:CLOCK post-translationally and transcriptionally, respectively. 

These two negative feedback loops are fine-tuned by CKI/ and GSK-3.  
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FIGURE 2: The biochemical nature of NFIL3. 

(A) Sequence similarities between mouse NFIL3 and its homologs in other species at the 

protein and DNA levels. (B) Conserved protein domains in mouse NFIL3. The coordinates 

indicate the starting and ending amino acids of the given domain. 
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CHAPTER TWO 

MATERIALS AND METHODS 

Mice 

Wild-type C57BL/6J mice were bred in the specified pathogen-free (SPF) barrier facility at 

the University of Texas Southwestern Medical Center. Nfil3-/- mice were imported from the 

University of Iowa [69] and maintained in the SPF barrier facility. Rag1-/- mice (B6.129S7-

Rag1tm1Mom/J) and CD45.1+ mice (B6.SJL-Ptprca Pepcb/BoyJ) were purchased from the 

Jackson Laboratory, Bar Harbor, Maine. Nfil3-/- mice were intercrossed with Rag1-/- mice to 

create Nfil3-/-;Rag1-/- double knockout mice. Rag2-/-;Il2rg-/-  mice (B10;B6-Rag2tm1Fwa 

II2rgtm1Wjl) were acquired from the Taconic Farms, New York. Rev-erb-/- mice (B6.129S2-

Nr1d1tm1Schb/Cnrm) were obtained from the European Mutant Mouse Archive [26]. Rev-erb-

/- (B6;129P2-Nr1d2tm1Dgen)  mice were purchased from Deltagen, San Mateo, California. Rev-

erb+/- and Rev-erb+/- mice were crossed to generate Rev-erb-/- double knockout mice. 

Clock Δ19/Δ19 mice were created as described [21, 22]. Germ-free C57BL/6J mice were raised 

in gnotobiotic isolators as described previously [91]. All mouse strains, if not specified 

otherwise, were maintained under 12-h (7:00-19:00) light and 12-h (19:00-7:00) dark 

conditions. Experiments were performed according to protocols approved by the Institutional 

Animal Care and Use Committees (IACUC) of the University of Texas Southwestern 

Medical Center at Dallas. 
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Lamina propria lymphocyte isolation and analysis 

Lamina propria lymphocytes were isolated as previously described [92]. Briefly, intestines 

were dissected from mice and Peyer’s patches were removed. Intestines were cut into small 

pieces and thoroughly washed with ice-cold phosphate buffered saline solution (PBS). 

Epithelial cells were removed by incubating intestine tissues in Hank's Balanced Salt 

Solution (HBSS) supplemented with 1mM EDTA and 1mM DTT at 37oC for 30min with 

gentle shaking, followed by extensive washing with PBS.  Residual tissues were then 

digested by Collagenase IV (Sigma), DNase I (Sigma) and Dispase (BDbiosciences) at 37oC 

for 60 min with gentle shaking. Cells were filtered through 100 m cell strainers and applied 

onto a 40%:80% Percoll gradient (GEhealthcare), in which LPLs were found at the interface 

between the 40% and 80% Percoll fractions. 

LPLs were washed with PBS containing 2mM EDTA and 3% Fetal Bovine Serum 

(FBS). For detection of TH17 and TH1 cells by cytokine production, 1~2 x 106 cells were 

stimulated with 50 ng/mL phorbol myristate acetate (PMA), 1 M ionomycin and 1 g/mL 

brefeldin A (Sigma) at 37oC for 4 hr. Cells were then fixed and permeabilized with BD 

Cytofix/Cytoperm solution for 30 min, followed by staining with -CD3 (500A2), -IFN 

(XMG1.2), -CD4 (RM4-5) and -IL-17A (TC11-18H10.1). For detection TH17 and Treg by 

transcription factor expression, freshly-isolated LPL cells were fixed and permeabilized with 

eBiosciences Mouse Regulatory T Cell Staining Kit #3 per the manufacturer’s instruction 

and stained with -CD4 (RM4-5), -Foxp3 (FJK-16s) and -ROR (AFKJS-9). To examine 

ILCs, freshly-isolated LPL cells were first blocked with -CD16/32 (2.4G2) and then stained 

with antibodies against cell surface markers such as -CD3 (500A2), -CD19 (ebio1D3), 
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-CD5 (53-7.3), -TCR (H57-597), -TCR (GL3), -NK1.1 (PK136), -Sca1 (D7), -

KLRG1 (2F1), -NKp46 (29A1.4), -CD45 (30-F11), -CD45.1 (A20), -CD45.2 (104), -

hCD2 (RPA-2.10), and -CD127 (A7R34). Cells were then fixed/permeabilized with 

eBiosciences Mouse Regulatory T Cell Staining Kit #3 and subjected to nuclear staining with 

-ROR (AFKJS-9) and -GATA3 (TWAJ).  Analysis was performed with a FACSCalibur 

(BD Biosciences), LSRII (BD Biosciences) or CyAn ADP (Beckman Coulter) flow 

cytometer and data were processed with the FlowJo software (Tree Star). 

 

Microbiota adoptive transfer 

The small intestine, cecum and colon were dissected out of conventionally raised wild-type 

and Nfil3-/- mice and homogenized in ice-cold sterile PBS. The homogenate was spread in the 

cages as well as on the fur of germ-free wild-type mice [93]. Ex-germ-free mice that received 

microbiota from wild-type and Nfil3-/- mice were maintained in separate gnotobiotic isolators 

for 6 weeks. Lamina propria lymphocytes were isolated and analyzed as mentioned above. 

 

T cell adoptive transfer 

Adoptive transfer of T cells was performed as previously published [94, 95]. Briefly, total 

CD4+ T cells were isolated from the spleens of wild-type and Nfil3-/- mice by negative 

selection with the Dynal® Mouse CD4 Negative Isolation Kit (Invitrogen). Cells were 

stained with -CD4 (RM4-5) and CD45RB (C363.16A) and CD4+ CD45RBhi cells were 

sorted out with a MoFlo cell sorter (Beckman Coulter). 4 x 105 purified CD4+ CD45RBhi 

cells were transferred into Rag1-/- mice through tail vein injection. Disease conditions were 
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monitored by weight loss. Lamina propria lymphocytes were isolated and analyzed 4 weeks 

post transfer. 

 

In vitro differentiation of TH17 cells 

Naïve CD4+ T cells were purified from mouse spleen using the CD4+CD62L+ T Cell 

Isolation Kit II (Miltenyi Biotec), as described above and 95% purities were routinely 

obtained. To culture cells under TH17 polarizing conditions, 96-well plates were coated with 

5µg/mL -hamster antibody (MP Bio) overnight at 4oC. Afterwards, plates were washed 

three times with sterile PBS, and 2 x 105 cells were added to each well in the presence of 

0.25 µg/mL -CD3145-2C11, 1 µg/mL -CD28 (37.51), 5 g/mL -IFN(XMG1.2),  

5g/mL -IL-4 (11B11), 20 ng/mL recombinant murine IL-6 and 1 ng/mL recombinant 

human TGF-1. Cells were analyzed 72hr later by intracellular staining of IL-17A after 

PMA/ionomycin/brefeldin A treatment. 

 

Lentiviral transduction of naïve TH cells 

The egfp sequence was amplified from pEGFP-C1 (Clontech) by PCR and cloned into 

pCDH-CMV-MCS-EF1-Puro (SBI) to generate vector pXY81. Nfil3 cDNA was cloned from 

total intestinal cDNA by PCR and inserted downstream of egfp in pXY81 to create vector 

pXY82. HEK293T cells were transfected with either pXY81 or pXY82 in combination with 

packaging plasmids pVSV-G and pCMVDR9 [96]. Lentiviral particles were purified from 

cell culture supernatant by poly(ethylene glycol)-8000 precipitation (Sigma), which was 

subsequently removed by dialysis.  
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Naïve CD4+ T cells were purified from the spleen of wild-type mice using the 

CD4+CD62L+ T Cell Isolation Kit II (Miltenyi Biotec), following the manufacturer’s 

instructions. 2 x 105 purified naïve T cells were cultured under TH17-polarizing conditions in 

one well of a 96-well plate with plate-bound -CD3145-2C11 and -CD28 (37.51), 10 

g/mL -IFN(XMG1.2),  1g/mL -IL-4 (11B11), 20 ng/mL recombinant murine IL-6 

and 5 ng/mL recombinant human TGF-1 (Peprotech) as described [97]. Lentiviral 

transduction was performed by spinoculation at 1200 g for 1 hr at 32oC on the day of 

polarization. TH17 cells were analyzed by intracellular cytokine staining 4 days later. 

 

Isolation and analysis of bone marrow progenitors 

The femur and tibia were dissected from adult mice and bone marrow cells were released in 

PBS buffer containing 2mM EDTA and 3% FBS by a pestle and a mortar. Cells were filtered 

through 70 m cell strainers and blocked with -CD16/32 (2.4G2), followed by incubation 

with biotinylated lineage marker (Lin) antibodies including -CD3 (145-2C11), -B220 

(RA3-6B2), -CD11b (M1/70), -Gr1 (RB6-8C5), -Erythroid Cells (TER119), -CD5 (53-

7.3), -TCR (GL3), and -NK1.1 (PK136).  Cells were then washed and incubated with -

biotin magnetic microbeads (Miltenyi Biotec). Lineage-negative cells were enriched by an 

autoMACS sorter with the “Depletes” setting. Surface staining were performed with 

antibodies including -biotin (Bio3-18E7), -CD45 (30-F11), -cKit (2B8), -CD127 

(A7R34), -Sca1 (D7), -Flt3 (A2F10) and -47 (DATK32). FACS sorting was 

performed with a FACSAria cell sorter (BD Biosciences) while flow cytometry analysis was 

carried out with an LSRII (BD Biosciences). Under either situation, LSK cells were 
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identified as Lin- Sca1+ cKit+, CLP as Lin- cKitlow CD127+ Sca1low Flt3+ and LP as Lin- 

cKitlow CD127+ Sca1low Flt3- 47+. Data were processed with the FlowJo software (Tree 

Star). 

 

Adoptive transfer of CLPs and LPs 

CLPs and LPs were purified from CD45.1+ mice by FACS sorting as described above. 

Rag2-/-;Il2rg-/-  recipient mice were sublethally irradiated with a dose of 4.2 Gy on the same 

day with an XRAD320 irradiator (Precision X-ray, Inc, North Branford, CT). Cells were 

transplanted into recipient mice by retro-orbital injection. ILCs in recipient mice were 

examined 5-6 weeks later. 

For CLP co-transfer experiments, CLPs were purified from wild-type and Nfil3-/- 

mice and mixed at the 1:1 ratio before transfer.  

 

Retroviral transduction of LSK cells 

The TOX coding sequences (CDS) were cloned by PCR from total mouse thymus cDNA into 

a bicistronic retroviral vector MSCV-ires-hCD2 (generous gift from Dr. Chandrashekhar 

Pasare at UT Southwestern) to generate a TOX-encoding plasmid, MSCV-Tox-ires-hCD2 

(pXY130). The MSCV-ires-hCD2 and MSCV-Tox-ires-hCD2 plasmids were transfected into 

the Plat-E packaging cell line [98] with FugeneHD (Promega) to produce retroviral particles. 

Cell culture supernatant was harvested 48 and 72 hr post transfection. Cell debris was first 

cleared by spinning at 400 g for 10 min, followed by passing through 0.2 m sterile filters.  
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LSK cells were purified from Nfil3-/- mice by FACS sorting as described above and 

seeded into 96-well round-bottom plates at the cell density of 10,000 cells/well in 

STEMSPAN Serum-Free Expansion Medium (SFEM) (Stemcell Technologies) [99]. During 

retroviral transduction, cells were mixed with equal volume of cleared retrovirus-containing 

cell culture supernatant, supplemented with 2 U/mL Heparin (Sigma), 10 ng/mL mouse SCF 

(Peprotech), 20 ng/mL mouse TPO (Peprotech), 10 ng/mL mouse FGF-1 (Life Technologies) 

and 4 g/mL polybrene. Spinoculation was carried out at 1200 g for 90 min at 32oC to 

enhance retroviral transduction.  Three hours later, cell media was replaced with fresh 

STEMSPAN SFEM media supplemented with above cytokines but without polybrene. 

Transduction was performed on two consecutive days, using retroviral supernatant harvest 48 

and 72 hr post transfection, respectively. 

On day 3, CD45.1+ wild-type recipient mice were lethally irradiated at a dose of 9.2 

Gy. LSK cells were collected from the 96-well plate with Cell Dissociation Buffer (Life 

Technologies) and washed with sterile PBS. 2000-4000 cells were transferred into recipient 

mice in 200uL sterile PBS by retro-orbital injection. ILCs in recipient mice were examined 

5-6 weeks later. 

 

NFIL3 knockdown by shRNA in EL4 cells 

Five independent shRNA constructs (sh38-sh42) targeting mouse NFIL3 and a control 

construct containing scramble sequences (sh-scramble) were purchased from Sigma (St. 

Louis, Missouri). To screen shRNA constructs that can effectively knockdown NFIL3, 1 g 

of shRNA plasmid and 1 g of NFIL3-encoding plasmid (pXY52) were co-transfected into 
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HEK293T in a 6-well plate with FugeneHD (Promega). Cells were harvested 36 hr later, 

lysed and used for western blotting with an -NFIL3 antibody.   

shRNA constructs that can effective knockdown NFIL3, namely sh39 and sh40, were 

then co-transfected with packaging plasmids pCMVDR9 and pVSV-G into HEK293T cells. 

Cell culture supernatant was harvest 48 and 72 hr post transfection and cleared by spinning 

and filtering as described above. Lentiviral particles were concentrated by ultracentrifugation 

at 75,000 g for 2 hr at 4oC and resuspended in RPMI media.  

EL4 cells were then mixed with lentiviral particles in the presence of 4 g/mL 

polybrene, and spinoculated at 1,200 g for 90 min at 32oC. Two days later, EL4 were selected 

with 8g/mL puromycin for 2 weeks. Live cells were sorted with a FACSAria cell sorter 

based on propidium iodide exclusion. 

 

NFIL3 overexpression in EL4 cells 

NFIL3 coding sequences were subcloned into MSCV-ires-hCD2 to generate MSCV-Nfil3-

ires-hCD2 (pXY92). MSCV-ires-hCD2 and MSCV-Nfil3-ires-hCD2 were then transfected 

into Plat-E cells to produce retroviral particles as described before, which were used to 

transduce EL4 cells. Three days after transduction, EL4 cells were stained with -hCD2 and 

hCD2+ EL4 cells were purified with a FACSAria cell sorter. Sorted cells were maintained in 

RPMI media for another 3-4 days, followed by staining and sorting again and resultant cells 

were expanded. Expression of Nfil3 and Tox was examined by SYBR green-based real-time 

PCR with specific primers (TABLE 1).  
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Chromatin immunoprecipitation (ChIP) assays 

To detect binding of NFIL3 to the Rort promoter, total CD4+ T cells were purified from the 

spleen and lymph nodes of wild-type mice by negative selection with the Mouse CD4 

Negative Isolation Kit (Invitrogen). Cells were cross-linked in PBS with 1% formaldehyde 

for 10 min at room temperature. Crosslinking was terminated by adding 1/5 volume of 1 M 

glycine and incubating for another 10 min.  

Fixed cells were used for chromatin immunoprecipitation (ChIP) with the Magna 

ChIP assay kit (Millipore) according to the manufacturer’s instructions, except that Magna 

protein A beads were saturated with BSA and salmon sperm DNA before use. Chromatin 

from approximately 5 x 106 cells was used for each immunoprecipitation reaction in 

combination with 5 g of goat -NFIL3 or total goat IgG antibody and 20 l of Magna 

protein A beads. The Rort promoter was detected using SYBR green-based real-time PCR 

with specific primers: RORt-ChIPF1: 5’-AAGTGCCAGGAGACGGGCCA-3’ and RORt-

ChIPR1: 5’-ACAAGACTGCTAGTCTGGGACACA-3’. Abundance of the Rort promoter in 

precipitated DNA was determined as the percentage of total input DNA. Enrichment of the 

DNA fragment was calculated as the ratio of its abundance in -NFIL3-immunoprecipitated 

DNA to that in total goat IgG- immunoprecipitated DNA. 

To test binding of NFIL3 to the Tox promoter, EL4 cells or Nfil3-overexpressing EL4 

cells were cultured in RPMI media to 1~0.8 X106 cells/mL and fixed as described above. 

Nuclei were isolated with a dounce tissue grinder (Wheaton) in Nuclear Isolation Solution 

containing 10 mM Tris pH 7.4, 5 mM MgCl2, 25 mM KCl and 250 mM Sucrose, and 

purified by spinning at 1,000g for 10 min over the Hypertonic Solution containing 10 mM 
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Tris pH 7.4, 5 mM MgCl2, 25 mM KCl and 30% (wt/v) Sucrose.  Purified nuclei were then 

used for ChIP with the Megna ChIP assay kit (Millipore) as described before. The Tox 

promoter was detected by real-time PCR with specific primers: Tox-ChIPF6: 5’-

GACACTGACAGCAAGGACCA-3’ and Tox-ChIPR6: 5’-

CAGGGCTTCATAGCACCGAT-3’. Enrichment of the Tox promoter was determined as 

before. 

 

Electrophoretic mobility shift assays (EMSA) 

To prepare protein for EMSA, HEK293T cells were transfected with either an empty vector 

or an NFIL3-encoding plasmid. Cells were harvested 2 days after transfection and nuclear 

extract was prepared with nuclear extraction buffer containing 20 mM Tris pH 8.0, 420 mM 

NaCl, 0.2 mM EDTA, 1.5 mM MgCl2, 25% glycerol and 1X protease inhibitor cocktail 

(Roche). Protein concentration of nuclear extracts was determined by the Bradford assay and 

adjusted to 1 mg/mL with nuclear extraction buffer. 

EMSA assays were performed as previously described [100], with modifications. 

DNA oligos were synthesized according to the Rort promoter sequences encompassing the 

putative NFIL3-binding site (WT: 5’-GATCTTGAGCAGGTTACTTAATCTCTCTGT-3’; 

Mutant: 5’-GATCTTGAGCAGGCGGCGGCGTCTCTCTGT-3’). Probes were terminally 

labeled with 32P by T4 polynucleotide kinase (PNK) and -32P-ATP (PerkinElmer). 8000 

cpm of labeled probes were mixed with 4 g of nuclear extract in EMSA buffer containing 

20 mM HEPES pH 7.9, 50 mM KCl, 1 mM EDTA, 2 mM DTT, 2 mM MgCl2, 0.25 mg/mL 

BSA, 5% glycerol, 50 g/mL poly(dI-dC). For competition with cold probes, 3 pmole of cold 
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probe was added to the reaction. For supershifting, 100 ng of NFIL3 antibody was used. 

Reactions were incubated at 30oC for 45 min and loaded onto a 3.5% polyacrylamide gel. 

Autoradiography was carried out with a storage phosphor screen and images were scanned 

with a Storm scanner (GE healthcare).  

 

Luciferase reporter assays 

To test whether NFIL3 binds to the Rort promoter, a 1018 bp (from -1013 to +5) fragment 

of the Rort promoter was amplified from C57BL/6J genomic DNA by PCR and cloned into 

pGL3-Basic (Promega) to generate the WT reporter. The putative NFIL3-binding site in the 

WT reporter was mutated from GTTACTTAA to GTTACTTTA to generate the mutant 

reporter. Jurkat T cells were transfected with 300 ng of reporter plasmid (WT or mutant), 400 

ng of an empty vector (pXY47) or an NFIL3-encoding plasmid (pXY52), 300 ng of P1P2N-

HIF1 (a kind gift of Dr. Kevin Gardner at UT Southwestern Medical Center) and 50 ng of 

pCMV-Renilla-Luciferase, followed by stimulation with 12.5 ng/mL PMA and 0.25 mM 

ionomycin for 16 hr. Luciferase activities were determined by the Dual-Glo Luciferase Assay 

kit (Promega) and measured with a SpectraMax M5e plate reader (Molecular Devices). 

Firefly luciferase activities were first normalized against Renilla luciferase activities and then 

referenced to the values obtained from cells transfected with pXY47. 

 To examine regulation of Tox by NFIL3, a 2.3kb fragment (-2133 to 232) of the Tox 

promoter were cloned into the pGL3-Basic vector to create the Tox-luciferase reporter. 

HEK293T cells were cultured in a 96-well plate overnight and were co-transfected with the 

Tox-luciferase reporter and an empty (pXY47) or NFIL3-encoding (pXY52) vector. A 
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pCMV-Renilla-Luciferase reporter was co-transfected into HEK293T to serve as an internal 

control. Luciferase activities were analyzed as above. 

 

Light cycle perturbation experiments 

Four-to-six week old C57BL/6J male mice were housed in ventilated, light-tight cabinets on 

a 12 hr-light, 12 hr-dark cycle (Phenome Technologies). After acclimation for 3 days, light 

cycles were changed for mice in treatment groups while remained the same for mice in the 

control group. On day 1, lights were turned on 6 hr earlier than they were previously (6 hr 

phase advance). The light cycles were maintained for 4 days and changed in the same way 

again on day 5. After changing light cycles four times, the mice were maintained on a normal 

light cycle for 4 days. Mouse intestines were then harvested and lamina propria lymphocytes 

were isolated and analyzed. 

 

DSS treatment 

Age- and sex-matched C57BL/6J mice were maintained under normal light cycles or 

subjected to perturbed light cycles as described above. After the treatment period, mice were 

provided 3% DSS (wt/vol) in drinking water.  200 µg mouse IL-17A neutralizing antibody 

(BioXCell, clone 17F3) or isotype control antibody (BioXCell, clone MOPC-21) in 100 µL 

PBS was delivered by intraperitoneal injection on day 0, 2 and 4. Mouse weight was 

monitored daily. All mice were sacrificed on day 5 and colon length was measured. 
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Citrobacter rodentium infection 

The C. rodentium (DBS100) strain was originally obtained from ATCC. To infect mice, C. 

rodentium (DBS100) was first inoculated in Luria-Bertani (LB) broth overnight at 37oC with 

shaking in the presence of 50 g/mL nalidixic acid, and was subcultured into fresh LB media 

the next morning until OD600 =0.8~1.0. Bacteria were then harvest by centrifugation and 

resuspended in sterile PBS. Rag1-/- and Nfil3-/-;Rag1-/- mice were deprived of food the night 

before infection and were orally gavaged with 5 x 109 CFU in 200 uL sterile PBS. The 

number of viable C. rodentium (DBS100) in the inoculum was confirmed by retrospective 

plating on nalidixic acid-containing LB-agar plates. Mouse disease conditions were 

monitored by weight loss. 

 

Statistical analysis 

Comparisons between groups were performed with two-tailed Student’s t-test, two-tailed 

Mann-Whitney test, one-way ANOVA or two-way ANOVA as specified in each experiment. 
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TABLE 1: Primers used in Q-PCR 

 

Primer Sequences Description 

RORt-ChIPF1 5’-AAGTGCCAGGAGACGGGCCA-3’ 
Detection of the mouse Rort 
promoter by ChIP-PCR 

RORt-ChIPR1 5’-ACAAGACTGCTAGTCTGGGACACA-3’ 

Nfil3-ChIPF1 5’-GCGATGAAACGTGGGCACCG-3’ 
Detection of the mouse Nfil3 
gene locus by ChIP-PCR 

Nfil3-ChIPR1 5’-CGTCACAATGGCTCGTCCGGG-3’ 

Nfil3-RTF 5’-CTTTCAGGACTACCAGACATCCAA-3’ 
Detection of mouse Nfil3 
expression by RT-PCR 

Nfil3-RTR 5’-GATGCAACTTCCGGCTACCA-3’ 

Rort-RTF 5'-TTCACCCCACCTCCACTG-3' 
Detection of mouse Rort 
expression by RT-PCR 

Rort-RTR 5'-GTGCAGGAGTAGGCCACATT-3' 

Gapdh-F 5’-TGGCAAAGTGGAGATTGTTGCC-3’ 
Detection of mouse Gapdh 
expression by RT-PCR 

Gapdh-R 5’-AAGATGGTGATGGGCTTCCCG-3’ 

Tox-ChIPF6 5’-GACACTGACAGCAAGGACCA-3’ 
Detection of the mouse Tox 
promoter by ChIP-PCR 

Tox-ChIPR6 5’-CAGGGCTTCATAGCACCGAT-3’ 

Tox-RTF 5’-CACAAGTTGTCACCCAAGCG-3’ 
Detection of mouse Tox 
expression by RT-PCR 

Tox-RTR 5’-TACAGCGCTTTGTCCCTCTG-3’	
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CHAPTER THREE 

NFIL3 SUPPRESSES RORt TRANSCRIPTION AND LINKS TH17 

CELL DIFFERENTIATION TO THE CIRCADIAN CLOCK  

 

The data presented in this chapter has been published in Science, volume 342, pages 727-

730. This work is reproduced with the permission of the American Association for the 

Advancement of Science (AAAS). Copyright 2013.  

 

INTRODUCTION TO TH17 CELLS IN INTESTINAL IMMUNITY 

 

Intestinal immunity 

The mammalian intestine is home to trillions of microbes, which help the host digest food 

and metabolize nutrients but also pose great challenges to the host’s health [37]. Multiple 

immune mechanisms are in place to defend the host so as to maintain the largely mutually-

beneficial relationship between the host and microbes (FIGURE 3A). For example, the 

intestinal epithelial cells (IEC) form a single cell layer to separate microbes from underlying 

tissues and thus serve as the first line of defense against invading microbes. IECs can sense 

microbial signals through TLRs, triggering secretion of antimicrobial peptides like REG3 

and defensins that directly kill invading bacteria [91, 101-103], secretion of mucin 

glycoproteins to form a viscous mucus layer that physically separates microbes from 

epithelial cells [104, 105], and mobilization of autophagy machinery to kill intracellular 
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pathogens by fusing with lysosomes [106]. Other intestinal defense mechanisms include, but 

are not limited to, IgA production by intestinal B cells and cytokine secretion and microbe-

engulfment by phagocytes in the intestinal lamina propria [37]. The functions of these 

immune cells are partly coordinated by TH17 cells, which may help achieve optimal immune 

defenses [107, 108]. 

 

The role of TH17 cells in intestinal immunity 

TH17 cells are a distinct subset of CD4+ T helper (Th) cells that produce the 

immunoregulatory cytokines IL-17A, IL-17F, IL-21 and IL-22 [109, 110] and are crucial for 

host defense against extracellular bacteria and fungi. Within the gut, TH17 cells reside in the 

lamina propria compartment, directly beneath the intestinal epithelial cells (FIGURE 3B). 

This location enables them to mount prompt responses against microbial infection.  

  TH17 cells regulate the functions of multiple immune compartments through cytokine 

secretion (FIGURE 3A). IL-17A and IL-17F can function as homodimers or heterodimers 

and engage a heterotrimeric receptor consisting of two IL-17RA subunits and one IL-17RC 

subunit, which leads to activation of transcription factors NFB, AP-1 and C/EBP [111]. IL-

22 signals through a heterodimeric receptor comprised of IL-22R1 and IL-10R2 to activate 

STAT3, STAT1 and STAT5 [112]. Because IL-22R1 expression is mostly restricted to 

epithelial cells, the biological function of IL-22 is largely limited to the epithelial 

compartment. TH17-derived IL-17 and IL-22 activate epithelial cells to produce antimicrobial 

proteins such as REG3, -Defensins and S100 proteins, cytokines such as IL-6 and 

granulocyte colony-stimulating factor (G-CSF), and chemokines including chemokine CXC 
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ligand 8 (CXCL8) [113, 114]. G-CSF is essential in proliferation, survival, and 

differentiation of granulocyte precursors in the bone marrow, and CXCL8 is critical for 

neutrophil migration. Thus, TH17 cells regulate neutrophil development and recruitment to 

intestinal tissue in order to clear microbial infection [113]. In addition, IL-21 exhibits 

pleiotropic effects on T cells, B cells and NK cells. Because both IL-17 and IL-21 are 

important for formation of lymphoid follicles in the intestine, TH17 cells therefore play an 

important role in production of microbe-specific antibodies [115]. Additionally, a recent 

study has shown that TH17 cells are essential for B cell class-switch to IgA in mice [116].  

TH17 cells not only protect the host from bacterial and fungal infection at mucosal 

surfaces but also contribute to autoimmune and inflammatory disease if dysregulated [107, 

117]. TH17 and IL-17/22 have been found to be elevated in a wide variety of human diseases, 

such as psoriasis, rheumatoid arthritis and inflammatory bowel disease (IBD). IL23R, the 

receptor for TH17-activating cytokine IL-23, has been identified as an IBD- and psoriasis-risk 

gene in genome-wide association studies (GWAS) [118, 119]. High TH17 cytokine 

expression is also predictive of prognosis in human colorectal cancer patients [120].  

 

Development of TH17 cells 

T helper (Th) cells, including TH17 cells, differentiate from naïve CD4+ T cells. Upon 

encountering antigens presented by the antigen presenting cells (APCs), naïve CD4+ T cells 

can differentiate into several lineages, depending on the ambient cytokine environment 

(FIGURE 4) [121]. In the presence of IL-12, naïve CD4+ T cells up-regulate the transcription 

factor T-bet (encoded by Tbx21) and become capable of producing the cytokine IFN-, 
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thereby differentiating into TH1 cells. Similarly, IL-4 guides naïve T helper cells to express 

the transcription factor GATA-3 and become IL-4/5/13-producing TH2 cells. TGF- activates 

Foxp3 expression and converts naive T helper cells into IL-10/TGF--producing Treg cells. 

Lineage-specification of TH17 cells requires cytokines IL-6 and TGF-, followed by 

expression of the retinoic acid receptor-related orphan nuclear receptor RORt [92]. This 

process involves a complex transcriptional regulatory network, consisting of transcription 

factors IRF4, BATF, STAT3, c-Maf, and RORt [122]. IRF4 and BATF bind to DNA in 

close proximity and pre-pattern chromatin for TH17 specification.  IRF4, BATF and STAT3 

together initiate the specification program, reinforce each other’s expression, and activate 

RORt expression. In the meantime, c-Maf represses BATF expression to serve as a negative 

regulator, which can be suppressed by RORt. Interestingly, the major role of RORt is not to 

participate in the initiation program but to regulate key loci involving TH17 cell effector 

functions such as Il17a, Il17f and Il23r. 

The development of intestinal immunity is profoundly affected by environmental 

factors such as microorganisms [91, 123], dietary nutrients [124], and light cues [125].  In the 

case of TH17 cells, it has been shown that their development is influenced by the intestinal 

microbiota composition, particularly, segmented filamentous bacteria (SFB) [93, 123]. 

However, little is known about other environmental cues that influence intestinal TH17 cell 

development.  
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RESULTS 

NFIL3 suppress TH17 development in a cell-intrinsic manner. 

NFIL3 has been shown to regulate a number of immune processes including natural killer 

(NK) cell development, pro-B cell survival, and cytokine production by various immune cells 

[126]. Because Nfil3 polymorphisms are associated with human inflammatory bowel disease 

(IBD) [127], we sought to characterize the function of NFIL3 in intestinal immunity by 

studying Nfil3-/- mice. Approximately 10% of Nfil3-/- mice housed in our SPF barrier facility, 

but none of the wild-type (WT) mice housed in the same facility, exhibited rectal prolapse at 

6-9 months of age (FIGURE 5A). This was consistent with histopathological evidence of 

immune cell infiltration into the intestinal mucosa (FIGURE 5B), which was confirmed by a 

later study [128].  This observation agrees with genome-wide association studies that 

identified Nfil3 polymorphisms as a human IBD risk factor.  

The spontaneous colitis phenotype prompted us to examine CD4+ T helper subtypes, 

which are critical for maintaining intestinal homeostasis and often dysregulated in 

pathological states and inflammatory disease [37].  Intracellular cytokine staining revealed 

that Nfil3-/- mice had significantly higher IL-17A+ TH17 frequencies than WT mice in both 

small intestine (FIGURE 6A,B) and colon (FIGURE 6C,D). This was confirmed by nuclear 

staining of RORt, the key transcription factor regulating TH17 development (FIGURE 

6E,F).  In contrast, there were no differences in IFN+ TH1 cell frequencies (FIGURE 6A,B). 

Foxp3+ regulatory T (Treg) frequencies also did not differ between WT and Nfil3-/- mice 

(FIGURE 6E,F), in agreement with a previous report [77]. These findings indicate that 

NFIL3 deficiency impacts intestinal TH17 but not TH1 or Treg cell frequencies.  
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 Because intestinal TH17 cell development is sensitive to microflora composition [93, 

123], we considered whether the differences in TH17 frequencies between WT and Nfil3-/- 

mice arose from differences in microflora composition between the two genotypes. To test 

this idea, we adoptively transferred microbiota from conventionally raised WT and Nfil3-/- 

mice into germ-free WT mice. Six weeks after transfer there was no significant difference in 

TH17 cell frequencies between mice that had received the WT and Nfil3-/- microbiotas 

(FIGURE 7A,B), indicating that intestinal TH17 cell expansion in Nfil3-/- mice is unlikely to 

arise from altered microbiota composition. This is further supported by the fact that TH17 cell 

frequencies, but not TH1 frequencies, also increased in the spleens of Nfil3-/- mice compared 

to WT littermates (FIGURE 7C), suggesting that loss of NFIL3 leads to a systemic defect in 

TH17 cell development rather than trafficking. However, because TH17 cell frequencies can 

be markedly influenced by intestinal microbiota composition as well as age [93, 123], all 

experiments involving comparisons of different genotypes used age- and sex-matched 

littermates that were co-housed in order to minimize microbiota composition differences 

among mice in a given experiment. 

 TH17 cell specification is influenced by other immune cells, such as dendritic cells, 

via cytokine production [108]. We therefore tested whether the increased TH17 cell 

frequencies in Nfil3-/- mice were due to a T cell-intrinsic NFIL3 deficiency by adoptively 

transferring naïve WT and Nfil3-/- CD4+ T cells into lymphopenic Rag1-/- mice [94]. We 

examined TH17 and TH1 cell frequencies in the small intestines of recipient mice 4 weeks 

after transfer. Mice receiving Nfil3-/- T cells had higher TH17 cell frequencies than those 

receiving WT T cells, suggesting that NFIL3 suppresses TH17 cell development in a T cell-
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intrinsic manner (FIGURE 7E,F).  No significant difference in IFN+ TH1 cell frequencies 

was observed between the two groups of mice, confirming that NFIL3 preferentially impacts 

TH17 cell development (FIGURE 7E,F).  

 To assess directly whether NFIL3 suppresses TH17 development, we overexpressed 

EGFP-tagged NFIL3 in naïve CD4+ T cells by lentiviral transduction and grew cells under 

TH17-polarizing conditions. Since only a fraction of the T cells became transduced, we were 

able to analyze both transduced (EGFP+) and non-transduced (EGFP-) cells in each 

experimental sample. CD4+ T cells transduced with lentiviral particles encoding NFIL3 

yielded lower TH17 cell frequencies than non-transduced T cells (FIGURE 7D). In contrast, 

transduced and non-transduced T cells yielded similar TH17 cell frequencies when lentiviral 

particles that did not encode NFIL3 were used. Together, these data indicate that NFIL3 

suppresses TH17 cell development in a T cell-intrinsic manner in vitro. Although a prior 

study found that retroviral transduction of Nfil3 did not significantly impact TH17 cell 

development [122], key differences in the transduction protocol (e.g., lentiviral versus 

retroviral transduction) likely account for the different experimental outcomes.  

 

NFIL3 represses Rort expression by binding directly to the Rort promoter.  

We next sought to delineate the mechanism by which NFIL3 suppresses TH17 development. 

Analysis of the Rort promoter sequence revealed a putative NFIL3 binding site 

(GTTACTTAA) that was conserved in both human and mouse (FIGURE 8A). This 

suggested that Rort transcription might be regulated by NFIL3. Accordingly, we found that 
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expression of Rort was higher in Nfil3-/- TH17 cells than in WT cells (FIGURE 8B), 

indicating NFIL3 functions as a repressor on the Rort promoter.  

To test this hypothesis, we performed a chromatin immunoprecipitation (ChIP) assay 

with an NFIL3-specific antibody [69] and found that NFIL3 directly bound to the Rort 

promoter in mouse CD4+ T cells (FIGURE 8C). Electrophoretic mobility-shift assay (EMSA) 

demonstrated that NFIL3 binding is mediated by the GTTACTTAA motif identified in Fig. 

7A (FIGURE 8D). While NFIL3 bound to wild-type probes, mutation of the consensus motif 

abolished binding. Binding specificity of NFIL3 was further established by competition with 

unlabeled probe and supershift with an NFIL3 antibody.  

 To assess the biological effects of NFIL3 binding to the Rort promoter, we cloned 

the proximal 1 kb promoter fragment upstream of the firefly luciferase gene. Luciferase 

activity was lower in Jurkat T cells when NFIL3 was overexpressed, supporting the idea that 

NFIL3 represses Rort transcription (FIGURE 8E). Repression was dependent on the 

GTTACTTAA motif in the Rort promoter, as introduction of a point mutation 

(GTTACTTTA) abolished the repressive effect. Together, our data demonstrate that NFIL3 

binds to the GTTACTTAA motif in the Rort promoter and represses promoter activity. 

 

The circadian clock regulates Nfil3 expression and thus impacts TH17 development. 

NFIL3 coordinates inputs from multiple regulatory pathways, including the circadian clock 

[35, 67, 126, 129]. The circadian clock is an autoregulatory transcriptional network driven by 

the primary activators BMAL1 and CLOCK. It is negatively regulated by two feedback arms, 

one of which comprises the nuclear receptors REV-ERBand its close homolog REV-ERB 



44 

 

[1], which also have a role in transmitting output pathways [26, 130, 131]. This circadian 

clock circuitry has been shown to function in CD4+ T cells [49].  

Because REV-ERB directly represses Nfil3 transcription by binding to the Nfil3 

locus in non-immune cells [36, 131], we asked whether REV-ERB influences Nfil3 

expression in T cells. We examined activated CD4+ T cells, as Nfil3 mRNAs are more 

abundant in activated than in naïve CD4+ T cells (FIGURE 9A), consistent with the global 

increase in transcriptional activity that occurs in activated lymphocytes [132]. By a ChIP 

assay with a REV-ERB-specific antibody, we found that REV-ERB directly bound to 

Nfil3 locus (FIGURE 9B-D). Consistent with the repressive activity of REV-ERB [36], 

Nfil3 expression was higher in Rev-erb-/- CD4+ T cells than in WT cells (FIGURE 10A). 

Accordingly, naïve Rev-erb-/- CD4+ T cells showed a decreased capacity to differentiate 

into TH17 cells after in vitro polarization (FIGURE 10B). Consistent with in vitro 

differentiation deficiency of naïve Rev-erb-/- CD4+ T cells, TH17 cell frequencies were 

reduced in the intestines of Rev-erb-/- mice (FIGURE 10C,D). In contrast, no differences 

were observed in TH1 cell frequencies (FIGURE 10C,D). Together, these data demonstrate 

that TH17 cell lineage specification is linked to the clock regulatory network through NFIL3 

and REV-ERB. 

To determine whether targeted disruption of other clock components also affects 

TH17 cells, we assessed Clock Δ19/Δ19 mice, which produce a dominant-negative CLOCK 

lacking sequences encoded by Exon 19. The mutant CLOCK protein inhibits the function of 

the BMAL1/CLOCK complex, which is required for REV-ERB expression (FIGURE 11A) 

[22, 133]. Consistent with this function of CLOCK, ClockΔ19/Δ19 mice exhibited higher Nfil3 
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expression in activated CD4+ T cells (FIGURE 11A). Accordingly, ClockΔ19/Δ19 naïve CD4+ 

T cells shown lowered capacity for TH17 cell differentiation in vitro (FIGURE 11B). This 

was confirmed by lowered intestinal TH17 cell frequencies in ClockΔ19/Δ19 mice compared to 

WT mice (FIGURE 11C,D). Interestingly, unlike Rev-erb-/- mice, Clock Δ19/Δ19 mice also 

exhibited lower TH1 cell frequencies in the intestine (FIGURE 11C,D). This suggests that the 

circadian clock regulatory network also impacts other intestinal CD4+ T cell subsets such as 

TH1 cells. However, since Rev-erb-/- mice do not show altered intestinal TH1 cell 

frequencies (FIGURE 11C,D), this must involve regulatory pathways that are distinct from 

the REV-ERB-NFIL3 pathway and offers opportunities for future investigation. 

 

TH17 cell differentiation is circadianly regulated. 

Our finding that TH17 cell development is linked to the clock transcriptional network 

suggested that TH17 lineage specification might be influenced by the day-night (light-dark) 

cycles that entrain the circadian clock. To examine TH17 development during the circadian 

cycle, we housed age- and sex- matched mice under either normal light cycles (LD, 12hr 

light: 12hr dark) or reversed light cycles (DL, 12hr dark: 12hr light) and processed samples 

from both groups in parallel (FIGURE 12A). We first examined Nfil3 and Rort expression 

in CD4+ T cells at different times during the circadian cycle. Nfil3 expression was lower 

during the day and higher at night, while Rort expression was higher during the day and 

lower at night (FIGURE 12B,C). There were no significant differences in CD4+ T cell 

composition at these time points (FIGURE 12D), suggesting that diurnal variation of Nfil3 

and Rort expression is not due to T helper cell composition difference at these time points. 



46 

 

The expression of Nfil3 and Rort in opposite phases of the circadian cycle was consistent 

with diurnal variation in binding of NFIL3 to the Rort promoter (FIGURE 12E) and 

supports our finding that NFIL3 represses Rort transcription.  

Since NFIL3 regulates Rort in a diurnal manner, we asked whether TH17 lineage 

specification varies during the circadian cycle. We found that naïve CD4+ T cells isolated 

during the day were more likely to differentiate into TH17 cells after in vitro polarization than 

those isolated at night (FIGURE 12F), in agreement with the diurnal expression patterns of 

Nfil3 and Rort. This difference was abolished in cells lacking Nfil3 (FIGURE 12F), showing 

that the diurnal variation in TH17 lineage specification is Nfil3-dependent. Together, these 

findings show that traversal of the developmental checkpoint specifying the TH17 lineage is 

regulated in a diurnal manner and is synchronized across the T cell population by the 

circadian clock.  

Although T cell lineage specification varied in a diurnal manner, we found that 

intestinal TH17 cell frequencies did not change significantly during a single 24 hour cycle 

(FIGURE 12G). This is consistent with the relatively long half-life of these cells [134], and 

the fact that the entire process of differentiation and proliferation of TH17 cells requires time 

periods longer than a single day-night cycle [110, 123]. We therefore tested whether chronic 

light cycle perturbations, which desynchronize the body’s circadian clocks [135], altered 

TH17 cell frequencies. We subjected mice to perturbed light cycles by shortening the dark 

period by 6 hours every 4 days (6 hr phase advance). The whole treatment encompasses 4 

phase advances and comprises 16 days, which allows the jet-lag effects on T cells to 

accumulate (FIGURE 13A). We observed higher TH17 cell frequencies in the intestines and 
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spleens of mice maintained under such altered light cycles as compared to mice maintained 

under a normal light cycle (12h light: 12h dark) (FIGURE 13B). The increase was 

suppressed in Rev-erb-/- and Rev-erb-/- double knockout mice (FIGURE 13C), indicating 

that the increase in TH17 cell frequencies requires REV-ERB and is unlikely to arise from 

non-specific effects of light cycle perturbation. Note that circadian disruption didn’t impact T 

helper cell proliferation (FIGURE 14A-C) and survival (FIGURE 14D,E), suggesting that 

elevated TH17 frequencies was due to altered lineage specification during light cycle 

perturbation. Together, these results show that chronic light cycle perturbation leads to 

elevated TH17 cell frequencies in the intestine, and suggest that normal diurnal regulation of 

TH17 cell differentiation is important for limiting over-accumulation of TH17 cells in tissues.   

We next tested whether mice subjected to chronic light cycle perturbation exhibit 

increased susceptibility to intestinal inflammatory disease due to the elevated TH17 cell 

frequencies. Administration of dextran sulfate sodium (DSS) to mice induces intestinal injury 

and leads to intestinal pathology and disease. Mice maintained under a perturbed light cycle 

were more susceptible to DSS, as measured by weight loss and colon shortening (FIGURE 

15A-C). The enhanced DSS-induced pathology was ameliorated by neutralizing IL17A 

(FIGURE 15A-C), supporting the idea that enhanced disease susceptibility was due to the 

increased TH17 cell frequencies.  

 

DISCUSSION 

Together, our results demonstrate that NFIL3 suppresses TH17 cell development by directly 

repressing Rort transcription, and links TH17 cell development to the circadian clock 
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transcriptional network (FIGURE 15D). This ensures that TH17 lineage specification occurs 

during a specific time period during the day-night cycle and is synchronized across the entire 

T cell population by the circadian clock. Chronic light cycle perturbation results in elevated 

TH17 cell frequencies in tissues and enhanced susceptibility to inflammatory disease. This 

suggests that synchronization of TH17 lineage specification to the day-night cycle is 

important for maintaining homeostatic TH17 cell frequencies and restraining inflammation. 

We suggest that overaccumulation of TH17 cells may be limited by ensuring that all T cells 

within a population traverse this critical developmental checkpoint in synchrony rather than 

at random times during the day-night cycle.  

Modern life often involves chronic circadian disruptions such as those that arise from 

night shift work or jet lag due to international travel. These light cycle disruptions can 

contribute to a wide range of human diseases including intestinal inflammatory diseases 

[136, 137]. Our findings suggest that the pathologic consequences of severe light cycle 

disturbances may be due in part to direct interactions between the circadian clock 

transcriptional network and the transcriptional pathways that regulate the development of 

pro-inflammatory intestinal immune cells such as TH17 cells.  
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FIGURE 3: TH17 cells in intestinal immunity. 

(A) A simplified model of intestinal immunity. Intestinal epithelial cells secret anti-microbial 

proteins such as Defensins (mainly by a special type of epithelial cell called Paneth cells), 

Reg3 and Cathelicidins to direct kill approaching microbes. Another group of specialized 

epithelial cells, called Goblet cells, secret Mucin proteins to form a viscous barrier and 

physically separate luminal microbes from host tissues. B cells residing in the lamina propria 

produce large quantity of antibodies such as IgA to protect host tissues. Phagocytes engulf 

and kill invading bacteria, followed by cytokine secretion. The critical role of T helper cells 

in coordinating the actions of these immune cells is highlighted. (B) Fluorescence 

microscopy imaging showing the localization of TH17 cells in the small intestine. TH17 cells 

were detected by co-staining with RORt and CD4 antibodies and pseudocolored in 

green.  
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FIGURE 4: Lineage specification of T helper cells. 

Schematic showing lineage specification of TH1, TH2, TH17 and Treg cells from naïve CD4+ T 

helper cells (adapted from [121]). Lineage specification requires proper cytokines during 

initial antigen encounter, followed by expression of lineage-specifying transcription factors.  
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FIGURE 5: Spontaneous colitis in Nfil3-/- mice. 

(A)  Rectal prolapse, one hallmark of murine spontaneous colitis, was observed in 10% of 

Nfil3-/- mice aged 6 to 9 weeks. (B) Hematoxylin and eosin (H&E) staining revealed more 

immune cell infiltration in the colons of Nfil3-/- mice (indicated by arrows). 
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FIGURE 6: TH17 cell frequencies are selectively elevated in Nfil3-/- mice. 

(A-D) TH17 cell frequencies were examined by intracellular cytokine staining. Lamina 

propria lymphocytes (LPLs) were isolated from the small intestines (A,B) and colons (C,D) 

of age-matched, co-housed wild-type and Nfil3-/- mice (littermates) and stimulated with PMA 

and ionomycin in the presence of brefeldin A. Representative flow cytometry plots of IL-17A 
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and IFN staining are shown in (A,C) and combined data are shown in (B,D). (E,F) TH17 cell 

and Treg frequencies were examined by detection of nuclear transcription factors RORt and 

Foxp3. Representative histograms are shown in (E) and combined data are shown in (F). 

Groups were compared with two-tailed student’s t-test. , p<0.05; ***, p<0.001; ns, not 

significant. 
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FIGURE 7: NFIL3 suppresses TH17 development in a cell-intrinsic manner. 

(A-B) Increased TH17 cell frequencies in Nfil3-/- mice are not transferrable to wild-type 

germ-free mice by microflora transplantation. Microflora from wild-type or co-housed Nfil3-/- 

mice were transplanted into wild-type germ-free recipients and lamina propria lymphocytes 

were analyzed 6 weeks later.  Representative FACS plots are shown in (A) and data from 
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multiple mice are shown in (B). (C) TH17 and TH1 cell frequencies in the spleens of wild-

type and Nfil3-/- mice were examined by cytokine production. (D-F) NFIL3 suppresses TH17 

cell development in a T cell-intrinsic manner. (D) NFIL3 suppresses TH17 cell development 

in vitro. Naïve wild-type CD4+ T cells were transduced by lentivirus encoding EGFP only or 

EGFP-tagged NFIL3, followed by polarization with IL-6 and TGF-1. TH17 cell frequencies 

were compared between transduced (EGFP+) and non-transduced (EGFP-) CD4+ T cell 

populations in the same sample (well). (E,F) Naïve wild-type and Nfil3-/- CD4+ T cells were 

transferred intravenously into Rag1-/- mice and LPLs were analyzed 4 weeks later. 

Representative FACS plots are shown in (E) and TH17 and TH1 frequencies from two 

independent experiments are summarized in (F). Comparison between groups was done by 

two-tailed student’s t-test (B, C, F) or one-way ANOVA (D). , p<0.01; , p<0.0001; 

ns, not significant. 
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FIGURE 8: NFIL3 directly represses Rort by binding its promoter. 
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(A) Sequences of the mouse and human Rort promoter regions encompassing a putative 

NFIL3 binding site (red) were aligned. The position that does not agree with the known 

NFIL3 consensus sequence is underlined. (B) Rort expression is higher in Nfil3-/- TH17 cells. 

LPLs from wild-type and Nfil3-/- mice were analyzed by nuclear staining of RORt and mean 

fluorescence intensities (MFI) were plotted. (C) NFIL3 binds to the Rort promoter in vivo. 

Total CD4+ T cells were enriched from the spleen and lymph nodes of wild-type mice by 

negative selection. Cells were then fixed and used for chromatin-immunoprecipitation (ChIP) 

with IgG or NFIL3 antibody. Enrichment was calculated as the ratio of DNA pulled-down 

by NFIL3 antibody to that by IgG control. (D) NFIL3 binds to the Rort promoter in vitro. 

HEK293T cells were transfected with an empty vector or an NFIL3-encoding vector. Nuclear 

extracts were then prepared for EMSA. A 30-bp DNA fragment with the same sequence as 

the Rort promoter encompassing the NFIL3-binding site was synthesized as probe (wild-

type probe) while another fragment with the NFIL3 binding site mutated to GCGGCGGCG 

was used as control (mutant probe). NFIL3 binding specificity was demonstrated by using 

non-radioactively labeled wild-type and mutant probes as competitors and supershift with 

NFIL3 antibody (red arrow). (E) NFIL3 represses Rort promoter activity. A 1018 bp 

(from -1013 to +5) fragment of the Rort promoter was fused with firefly luciferase and a 

mutant was generated by incorporating an A→T mutation at position 8 of the NFIL3 binding 

site.  Jurkat T cells were transfected with reporters and an empty vector or an NFIL3-

encoding vector. Luciferase activity was normalized to cells transfected with vector-only 

controls. Comparison between groups was done by two-tailed student’s t-test. , p<0.05; ns, 

not significant.  
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FIGURE 9: Nfil3 is regulated by REV-ERB in T cells. 

(A) Nfil3 and Rort expression are elevated in activated CD4+ T cells. Naïve and activated T 

helper cells were purified by FACS sorting. Gene expression was determined by real-time 

PCR. Elevated Nfil3 expression is attributable to the fact that activated T cells show a global 

increase in transcriptional activity relative to naïve T cells [132]. (B-D) REV-ERB binds 

directly to the Nfil3 gene locus in CD4+ T cells. (B) Schematic presentation of the REV-

ERB binding site in the Nfil3 gene locus and primers designed for ChIP-PCR. (C) REV-
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ERB binds to the Nfil3 gene locus in CD4+ T cells as demonstrated by ChIP with a REV-

ERB-specific antibody. Data were pooled from five independent experiments. (D) The 

specificity of REV-ERB antibody was examined by Western blotting of small intestinal 

protein extracts from wild-type and Rev-erb-/- mice (left) and MODE-K cells transfected 

with empty vector or a REV-ERB-encoding plasmid (right). Statistical analysis was 

performed with two-tailed student’s t-test. **, p<0.01; ***, p<0.001. 
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FIGURE 10: Rev-erb-/- T cells exhibit TH17 differentiation deficiency. 

(A) Nfil3 expression is higher in activated Rev-erb-/- CD4+ T cells than in wild-type cells, 

consistent with the fact that REV-ERB is a direct repressor of Nfil3 transcription (diagram) 

[36, 131]. Activated CD4+ T cells were isolated by negative selection from wild-type and 

Rev-erb-/- littermates. Nfil3 expression levels were determined by real-time PCR. (B) Naïve 

Rev-erb-/- CD4+ T cells are less likely to develop into TH17 cells after in vitro polarization. 

(C,D) TH17 cell frequencies are reduced in the small intestines of Rev-erb-/- mice. 

Representative flow cytometry plots are shown in (C) and combined data are shown in (D). 

Statistics were performed with the two-tailed student’s t-test. , p<0.05; , p<0.01; ns, not 

significant. 
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FIGURE 11: Clock19/19 T cells show TH17 differentiation deficiency. 

(A) Nfil3 expression is higher in activated ClockΔ19/Δ19 CD4+ T cells than in wild-type cells, 

consistent with the fact that CLOCK is a direct activator of Rev-erb transcription (diagram) 

[22, 130]. (B) Naïve ClockΔ19/Δ19 CD4+ T cells are less likely to develop into TH17 cells in 

vitro. (C,D) TH17 cell frequencies are reduced in the small intestines of ClockΔ19/Δ19 mice. 

Representative flow cytometry plots are shown in (C) and combined data are shown in (D). 

Statistics were performed with the two-tailed student’s t-test. , p<0.01; , p<0.001. 
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FIGURE 12: TH17 differentiation is regulated in a circadian manner. 

(A) Experimental setup for diurnal studies. Two groups of mice were maintained under 

opposite light cycles and analyzed at the same time. Samples processed during Zeitgeber 

Time (ZT)1-ZT7 are labeled as “Day” and those during ZT13-ZT19 as “Night”. (B,C) Nfil3 

(B) and Rort (C) expression in activated CD4+ T cells during the circadian cycle. (D) The 

frequencies of TH1, TH2, TH17 and Treg in splenic CD4+ T cells were examined during the 
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day and at night.  (E) Diurnal NFIL3 binding to the Rort promoter as determined by ChIP 

assay. (F) Relative percentage of IL-17A-producing TH17 cells after in vitro polarization of 

naïve wild-type (left) or Nfil3-/- (right) CD4+ T cells. (G) The frequencies of TH17 cells were 

examined in the intestine of mice during the day and at night. Statistics were performed with 

the two-tailed student’s t-test. , p<0.01; ns, not significant. 
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FIGURE 13: Disturbing the circadian clock disrupts TH17 cell homeostasis in the 

mouse intestine. 

(A) Experimental setup: wild-type, Rev-erb-/- or Rev-erb-/- double knockout mice were 

maintained under a normal light cycle (left) or were subjected to a 6 hour phase advance in 

which the light cycle changed every 4 days, followed by maintenance under a normal light 

cycle for 4 days (right). TH17 and TH1 cells were then examined and calculated relative to the 

age-matched, co-caged controls in each experiment. (B) TH17 and TH1 cell frequencies in the 

small intestine (upper) and spleen (lower) of wild-type mice under normal or disturbed light 

cycles were examined. (C) Intestinal TH17 frequencies in Rev-erb-/- and Rev-erb-/- mice 
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under normal or disturbed light cycles were examined. Statistics were performed with the 

two-tailed student’s t-test. , p<0.05; , p<0.01; , p<0.001;  ns, not significant. 
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FIGURE 14: Circadian disruption does not impact proliferation or apoptosis of 

intestinal T helper cells. 

(A-C) Proliferation of intestinal T helper cells was analyzed by nuclear staining of Ki67 and 

RORt. Representative flow plots are shown in (A). Percentages of Ki67+ cells in total T 

helper cells and in RORt+ and RORt- fractions are shown in (B) and (C), respectively. (D-

E) Apoptosis of intestinal T cells was analyzed by TUNEL staining. The gating strategy and 

representative flow plots are shown in (D). Percentages of TUNEL+ cells in total T helper 

cells are summarized in (E). Statistical analysis was performed with the two-tailed student’s 

t-test. ***, p<0.001; ns, not significant. 
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FIGURE 15: Circadian disruption increases mouse susceptibility to DSS-induced 

colitis, which is mediated by IL-17. 

(A-C) Wild-type mice subjected to normal or perturbed light cycles were treated with DSS to 

induce colitis. An IL-17A-neutralizing antibody or IgG control was delivered by 

intraperitoneal injection on Day 0, 2 and 4. Disease severity was monitored by mouse weight 

loss during the treatment (A). Disease severity on Day 5 was assessed by weight loss (B) and 

colon shortening (C). (D) Schematic diagram summarizing how NFIL3 links the circadian 

clock circuitry to TH17 cell development. Statistical analysis was performed with the two-

way ANOVA with posttests. , p<0.01; , p<0.001. 
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CHAPTER FOUR 

NFIL3 IS REQUIRED FOR INNATE LYMPHOID CELL 

DEVELOPMENT 

 

INTRODUCTION TO INNATE LYMPHOID CELLS 

 

Discovery of innate lymphoid cells 

Innate lymphoid cells (ILCs) have been recently recognized as important players in 

organogenesis and early immune defense against infection [138]. ILCs share morphological 

characteristics of lymphoid cells with commonly known lymphocytes such as T cells and B 

cells:  they lack of granules, have a compact nucleus, and a transparent cytoplasm. In contrast 

to T and B cells that express rearranged antigen-specific receptors and require priming during 

immune responses, ILCs lack antigen-specific receptors and respond promptly to a wide-

range of immune signals.  

The first known ILCs were natural killer (NK) cells [139, 140]. NK cells recognize 

proteins expressed on virally-infected or stressed cells as well as cancer cells and exert 

cytotoxic (cell-killing) activities and secret the cytokine IFN-. Development of NK cells 

requires the T-box transcription factors T-bet and EOMES [141]. Another group of well-

known ILCs are lymphoid tissue inducer (LTi) cells [142]. LTi cells express membrane 

bound lymphotoxin LT12, which interacts with LTR on stromal cells to activate 

expression of adhesion molecules and chemokines necessary for recruitment of more LTi 
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cells, B cells, T cells and DCs. LTi cells thus are critical for prenatal formation of secondary 

lymphoid organs such as lymph nodes and Peyer’s patches as well as postnatal development 

of tertiary lymphoid tissues such as isolated lymphoid follicles (ILFs) in the intestine [143]. 

Upon stimulation by the cytokine IL-23 or microbial signals such as zymosan, LTi cells can 

also produce the pro-inflammatory cytokines IL-17 and IL-22 [144]. Development of LTi 

cells has been shown to depend on the transcription factor RORt [145].  

Recently, multiple new types of ILCs have been discovered, which differ in tissue 

distribution, immune functions and developmental pathways. These cells include, but are not 

limited to, an NKp46+ subset in the intestine that produces IL-22 [146], a cKit+ Sca1+ subset 

in the mesenteric adipose tissue that secrets TH2 cytokines IL-5 and IL-13 [147], nuocytes 

that express IL-4/5/13 in the intestine [148], a lung-resident CD127+ CD25+ ST2+ subset that 

produces IL-5/13 and amphiregulin [149], an intraepithelial subset that produces IFN- [150] 

and another NK1.1+ NKp46+ EOMES- T-bet+ subset in the intestine that secrets IFN-and 

exhibits poor cytotoxic activity [151]. 

 

Functional and developmental categorization of ILCs 

As discussed above, the functions of ILCs resemble those of T helper cells in term of 

cytokine production. These cytokines are not only critical for immune defense against 

bacteria [146], virus [149], Toxoplasma [151] and helminth [147, Neill, 2010 #967] 

infections but are also important for immune homeostasis. For example, IL-5 and IL-13 

produced by ILCs control eosinophil homeostasis and diurnal oscillation in mice [151]. 
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RORt+ IL-22-producing ILCs have been shown to contain symbiotic Alcaligenes species in 

lymphoid tissues such as Peyer’s patches and lymph nodes [152]. In addition to cytokine 

production, RORt+ ILCs also inhibit T cell activation by antigen presentation on MHC-II in 

order to limit immune responses to intestinal commensal bacteria [153]. 

The development of ILCs is not well understood, though transcriptional programs 

required for some ILC subsets have been identified [154]. In particular, it is not clear whether 

ILCs develop from a common progenitor population. Such a common ILC progenitor (CILP) 

has been hypothesized based on dependence of ILC development on Id2 and IL-7, with the 

notable exception of NK cells. 

Nevertheless, it has been suggested that ILCs are categorized into three different 

types, according to their function and developmental requirement (FIGURE 16) [138]. ILC1 

(including NK cells) require the transcription factors T-bet and/or EOMES and produce 

interferon- (IFN) [140, 141, 150], thereby resembling TH1 cells. ILC2 require the 

transcription factor GATA-3 and produce IL-5/13 and amphiregulin [147-149, 155], 

mimicking TH2 cells. ILC3, including lymphoid tissue inducer (LTi) cells, depend on the 

transcription factor RORt and secrete IL-17/22 [144, 146, 156, 157], similar to TH17 cells. 

However, it is still under debate whether NK cells should be considered as a type of ILCs 

distinct from other ILC1 cells, because i) NK cells possess cytotoxic activity while other 

ILC1 don’t, which makes NK cells functionally more similar to cytotoxic T cells instead of T 

helper cells [150, 151]; ii) NK cell development strictly relies on EOMES, but mildly on T-
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bet, while other ILC1 cells depend on T-bet; and iii) NK cell development and functional 

maturation requires IL-15 while other ILCs require IL-7 [158].  

Dysregulation of ILCs has been implicated in human diseases such as inflammatory 

bowel disease and allergy [138]. Despite the essential role of ILCs in human health and 

disease, the pathways underlying ILC development remain unclear. Specifically, prior studies 

have identified precursors that express the transcription factor Id2 or Zbtb16 (encoding PLZF) 

and give rise to ILC2 and several subtypes of ILC3 and ILC1, but do not differentiate into 

NK cells [151, 159], suggesting that developmental pathways common to all ILCs remain to 

be identified.  

 

RESULTS 

NFIL3 is required for innate lymphoid cell development in mice 

We previously showed that the transcription factor NFIL3 represses Rort expression in 

CD4+ T cells and thus suppresses TH17 cell development [160]. Because RORt is also 

essential for ILC3 development [138, 154], we predicted that ILC3 frequencies would be 

elevated in Nfil3-/- mice, similar to TH17 cells [160]. However, we observed lower 

frequencies of total ILC3 (CD45+ CD3- CD19- RORt+ CD127+) in the small intestinal 

lamina propria of Nfil3-/- mice than in wild-type mice (FIGURE 17A,B). Among ILC3, the 

NKp46+ subtype (also known as NK22) [146, 161], was markedly decreased in Nfil3-/- mice 

(FIGURE 17A,B), consistent with previous findings [128, 151]. ILC3 also include lymphoid 

tissue inducer cells (LTi), which are critical for prenatal formation of secondary lymphoid 
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tissues such as the Peyer’s patches in the small intestine [156]. Nfil3-/- mice had fewer and 

smaller Peyer's patches in the small intestine and remaining Peyer’s patches contained fewer 

LTi cells (RORt+ LT+) than wild-type mice (FIGURE 17C,D). Thus, Nfil3-/- mice have a 

general deficiency in ILC3 development.  

 Similar to ILC3, Nfil3-/- mice had markedly lower frequencies of ILC2 (CD45+ CD3- 

CD19- GATA3+ Sca1+; FIGURE 18A,B) in the small intestine, which was further confirmed 

by gating on another ILC2 marker KLRG1 [155] (FIGURE 18A,B). Reduction of GATA3+ 

ILC2 in Nfil3-/- mice coincided with a decrease in the frequency of ILCs that produced the 

ILC2 signature cytokine, IL-5 (FIGURE 18C,D). Thus, both ILC2 and ILC3 are deficient in 

Nfil3-/- mice. Given that Nfil3-/- mice are known to be deficient in ILC1 [79, 80, 151], 

including NK cells, our data indicate that NFIL3 is required for the development of all three 

types of innate lymphoid cells. 

 

NFIL3 is required for ILC development in a cell-intrinsic manner. 

ILCs develop from common lymphoid progenitors (CLPs) [155, 162], which are present in 

normal numbers in Nfil3-/- mice [85, 86]. To test whether the requirement for NFIL3 is CLP-

intrinsic, we co-transferred wild-type and Nfil3-/- CLPs (Lin- cKitlow CD127+ Sca1low Flt3+) 

into sublethally irradiated alymphoid Rag2-/-;Il2rg-/- mice and examined ILC subsets in the 

small intestine 5 weeks later (FIGURE 19A). Nfil3-/- CLPs generated fewer small intestinal 

ILCs in recipient mice than wild-type CLPs (FIGURE 19B), suggesting a CLP-intrinsic 

requirement for NFIL3 in ILC development.   
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Nfil3-/- mice are deficient in bone marrow ILC precursors downstream of CLP. 

CLPs give rise to all lymphoid cells, including ILCs, T cells, and B cells. In contrast to ILCs, 

overall T and B cell numbers are not altered in Nfil3-/- mice [69]. The general requirement for 

NFIL3 in ILC development therefore suggested that NFIL3 might be essential for the 

development of ILC-committed precursors downstream of CLPs. To further investigate the 

cellular origin of the ILC developmental deficiency in Nfil3-/- mice, we analyzed various 

bone marrow precursor populations in wild-type and Nfil3-/- mice. Due to low frequencies of 

these precursors in adult mouse bone marrow, we enriched undifferentiated cells (lineage 

marker-negative) by negative selection prior to analysis (FIGURE 20A,B). In agreement with 

previous findings [85, 86], wild-type and Nfil3-/- littermates harbored similar frequencies of 

LSK cells (Lin- Sca1+ cKit+) (FIGURE 21A,B), which include hematopoietic stem cells 

(HSC) that give rise to all hematopoietic cells, and CLPs that produce all lymphoid lineages 

(FIGURE 22A,C). This accords with the fact that Nfil3-/- mice do not exhibit marked 

deficiencies in myeloid cells, B cells or T cells [69]. However, Nfil3-/- mice had markedly 

fewer Flt3- 47+ CLPs (LPs) (FIGURE 22A,D), which have been shown to differentiate 

into ILC3 and NK cells [162]. Nfil3-/- mice also had fewer previously identified ILC2 

progenitor cells (ILC2P, Lin- cKitlow CD127+ Sca1+ CD25+) [155] (FIGURE 22A,E). 

Consistent with a recent report that Nfil3-/- mice show impaired development of non-NK 

ILC1 [151], the frequencies of the precursors (CHILP) that can differentiate into this ILC1 

subtype were lower in Nfil3-/- mice than in wild-type mice (FIGURE 22B,F). Similarly, 

NFIL3 has been found to be critical for generation of the earliest NK-committed precursors 

(PreNKP) [85, 86]. Thus, Nfil3-/- mice have reduced numbers of precursors that give rise to 
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ILC1 (including NK), ILC2 and ILC3. These data suggest that NFIL3 is required for 

generation of ILC precursors in the bone marrow.   



LP can differentiate to ILC2, in addition to previously-reported NK and ILC3. 

It has been hypothesized that ILCs differentiate from a common ILC progenitor population 

[154, 163]. Fate-mapping studies with Id2 and Zbtb16 (encoding PLZF) reporter mice led to 

the discovery of two progenitor populations that develop into most, but not all, subtypes of 

known ILC lineages [151, 155, 159]. These findings accorded with the partial ILC 

deficiencies seen in mice lacking Id2 and Zbtb16 [164, 165]. In particular, NK cell 

development is not impaired in Zbtb16-/- mice while Id2-/- mice only show NK developmental 

defects during NK maturation. The broad ILC (including NK) deficiency and impaired ILC 

precursor development in Nfil3-/- mice thus suggested that the common ILC progenitor might 

be NFIL3-dependent. We therefore sought to identify NFIL3-dependent precursor 

populations that differentiate into all three ILC lineages. ILC2Ps are lineage-specified 

progenitors of ILC2s with no appreciable potential to differentiate into NK cells or ILC3 

[155], indicating that ILC2Ps lie developmentally downstream of the common ILC 

progenitor. The common “helper-like” innate lymphoid progenitor (CHILP) can differentiate 

into non-NK ILC1, ILC2 and NK1.1+ NKp46+ ILC3 but not NK cells [151]. In contrast, LP 

cells are considered to be 47+  integrin -expressing CLPs, and likely represent an early 

stage of ILC development as they can differentiate into both NK cells and ILC3 [162, 166].  
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To determine whether LP can also give rise to ILC2, we co-cultured purified LP 

with bone marrow stromal OP9 cells (OP9-GFP) or OP9 cells expressing the Notch ligand 

Delta-like 1 (OP9-DL1), which support ILC differentiation in vitro [155, 162, 167]. When 

co-cultured with OP9-DL1 cells in the presence of ILC2-inducing cytokines, LPs readily 

developed into ILC2 as the majority of progeny cells expressed ILC2 markers (GATA3+ 

Sca1+) (FIGURE 23A,B). When OP9-GFP cells (not expressing Notch ligand) were used in 

this assay, only a small fraction of progeny cells became ILC2 (FIGURE 23A,B), confirming 

that Notch signaling is also important for ILC2 differentiation in vitro [168, 169]. In 

agreement with a prior study [162], LP differentiated into ILC3 and RORt- NK1.1+ cells 

under ILC3-inducing conditions (FIGURE 23C,D). 

To assess the potential of LPs to differentiate into ILC2 in vivo, we transferred 

~1000 purified LPs (CD45.1+) into sublethally irradiated Rag2-/-;Il2rg-/- mice (CD45.2+). 

After 5 weeks, ILC2 differentiated from engrafted LPs were detected in small intestine and 

colon of the recipient mice (FIGURE 24A,B). Interestingly, GATA3+ ILC2 comprised a 

small fraction of CD127+ ILCs in the small intestine but were the majority in the colon while 

RORt+ ILC3 showed an opposite tissue distribution pattern, suggesting that tissue-specific 

microenvironments influences ILC development and/or recruitment (FIGURE 24A,B). 

Consistent with the previously reported NK cell differentiation potential of LPs [162], 

donor cells gave rise to a large population of NK1.1+ cells in the spleen (FIGURE 24C). 

Differentiation of ILC2 from LPs was not caused by contamination of LPs with CLPs, as 

no donor-derived B cells were detected in the spleen and small intestine of recipient mice 
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(FIGURE 24C), consistent with the loss of B cell differentiation potential in LPs [162, 166]. 

Thus, LPs can give rise to all three ILC lineages in vitro and in vivo. Given the more 

restricted differentiation potential of ILC2P and CHILP, LPs are likely to be 

developmentally upstream of ILC2P and CHILP, and defective LP development in Nfil3-/- 

mice thus explains the general ILC deficiency in these mice. 

 

NFIL3 drives ILC development by regulating Tox expression in CLPs. 

To identify potential mechanisms underlying NFIL3-dependent ILC development, we 

isolated CLPs from wild-type and Nfil3-/- mice and surveyed their transcriptomes by Illumina 

BeadArrays. Nfil3 expression could be readily detected in CLPs (FIGURE 25A), which 

accords with a previous report [86] and is consistent with our finding that NFIL3 regulates 

ILC development in a CLP-intrinsic manner. However, there was no detectable expression of 

other transcription factors that are known to govern ILC development, such as Id2 [85, 86, 

155], Zbtb16 [159], Eomes [85, 86], Tcf7 (encoding TCF-1) [168], Rora [169], Rorc [156, 

170], Gata3 [155] and Tbx21 [141, 171] in CLPs. In contrast, the high mobility group (HMG) 

transcriptional regulator Tox, which is known to regulate NK and ILC3 development, was 

expressed at a detectable level in wild-type CLPs and was down-regulated in Nfil3-/- CLPs 

(FIGURE 25A,B). This suggested that NFIL3 may regulate Tox expression in CLPs.  

CLPs are present in small numbers in adult mice [151], making it challenging to 

perform biochemical studies of Tox regulation by NFIL3 using these cells. As an alternative, 
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we found that NFIL3 regulates Tox expression in EL4 cells, a mouse lymphoma cell line 

(FIGURE 25C,D). Knockdown of NFIL3 in EL4 cells with two independent shRNA 

constructs led to dose-dependent down-regulation of Tox expression (FIGURE 25C). 

Conversely, overexpression of NFIL3 in EL4 cells increased Tox expression (FIGURE 25D), 

indicating that Tox expression is sensitive to NFIL3 levels in EL4 cells in a manner similar to 

CLPs. A chromatin immunoprecipitation (ChIP) assay with an NFIL3-specific antibody [160] 

demonstrated that NFIL3 directly bound to the Tox promoter and that overexpression of 

NFIL3 enhanced this binding (FIGURE 25E). Finally, NFIL3 activated Tox promoter activity 

as assessed by a luciferase reporter assay (FIGURE 25F).  Thus, NFIL3 activates Tox 

expression by directly binding to its promoter.        

Because Tox is known to be essential for NK and ILC3 development [172], we 

postulated that lowered Tox expression leads to the broad ILC deficiency in Nfil3-/- mice and 

that restoring Tox expression would rescue ILC development. To test this idea, we cloned 

Tox coding sequences into a bicistronic vector (MSCV-ires-hCD2), which allowed 

expression of the native form of TOX and also marked cells with the cell surface marker 

hCD2. We then delivered the TOX-encoding plasmid or the empty vector into highly purified 

Nfil3-/- LSK cells (CD45.2+) by retroviral transduction [173], followed by transfer of these 

cells into lethally irradiated wild-type mice (CD45.1+) (FIGURE 26A,B). Compared to the 

empty vector control, transduction of the TOX-encoding plasmid led to increased numbers of 

ILCs in the small intestines of recipient mice (FIGURE 26C). Thus, ILC development is 

rescued by restoring Tox expression in Nfil3-/- progenitors, indicating that NFIL3 drives ILC 

development in part by regulating Tox expression. Recent studies have shown that forced 
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expression of Eomes can rescue NK cell development from Nfil3-/- hematopoietic progenitors 

[85, 86]. However, because Eomes is not expressed in CLPs (FIGURE 25A) and Eomes 

deficiency only impacts NK cells but no other ILCs [151], Eomes is unlikely to mediate the 

NFIL3-dependent development of non-NK ILCs.  

To assess the physiological role of NFIL3-dependent ILC development in host 

immunity, we challenged Nfil3-deficient mice with Citrobacter rodentium, a mouse enteric 

pathogen. IL-22-mediated immune defense is essential for protection against C. rodentium 

infection [146, 174]. To rule out confounding effects of TH17 cells, which also produce IL-22 

and are elevated in Nfil3-/- mice [160], we crossed Nfil3-/- mice with Rag1-/- mice to create 

Nfil3-/-;Rag1-/- mice, which lack all T and B cells. Nfil3-/-;Rag1-/- mice were more susceptible 

to oral C. rodentium infection than Rag1-/- mice as measured by weight loss (FIGURE 27). 

These data thus establish that NFIL3-dependent ILC development is essential for host 

immune defense against a mucosal pathogen. 

 

DISCUSSION 

Our findings reveal an essential role for NFIL3 in the development of all known innate 

lymphoid cell subsets, including NK cells, and identify a key transcriptional cascade (Nfil3-

Tox) that regulates ILC development. The requirement for NFIL3 is intrinsic to the CLP and 

impacts the generation of downstream ILC precursors in the bone marrow. Because Id2 is not 

expressed in CLPs [155], NFIL3 represents the earliest-acting known transcription factor that 

selectively regulates ILC development and may thus serve as a marker for the long sought-
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after common ILC progenitor.  We have identified LP as a NFIL3-dependent bone marrow 

precursor population that can differentiate into all known types of ILCs in vitro and in vivo. 

Because this population may be heterogeneous, additional studies will be required to 

determine whether LP represents a true common ILC progenitor population or whether it 

includes multiple lineage-specified precursor subpopulations. Because of the general 

importance of ILCs in mucosal defense, NFIL3-dependent pathways may provide new 

targets for inflammatory and infectious diseases of mucosal tissues. 
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FIGURE 16: Functional and developmental classification of ILCs. 

ILCs are categorized into three distinct groups based on their function and developmental 

requirement (left), which mirror those of T helper cell lineages (right). The schematic is 

adapted from [163] and [121].  
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FIGURE 17: Nfil3-/- mice are deficient in ILC3. 

(A-B) Nfil3-/- mice show reduced ILC3 frequencies in the small intestinal lamina propria. 

Small intestinal lamina propria lymphocytes (LPL) were isolated and stained as described 

before. Cells were electronically gated on CD45+ to remove non-hematopoietic cells and then 

on CD3- and CD19- to exclude T cells and B cells, respectively. Total ILC3 cells were 
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detected as CD127+ RORt+.  The NK receptor-expressing subtype of ILC3 (also known as 

NK22 cells) was identified by additional staining for NKp46.  Representative flow plots are 

shown in (A) and data from multiple mice are summarized in (B). (C-D) Nfil3-/- mice show 

smaller and fewer Peyer’s patches in the small intestine. (C) Peyer’s patches from wild-type 

and Nfil3-/- mice were cut into 0.7mm sections and stained with either hematoxylin and eosin 

(H&E, upper) or fluorophore-conjugated antibodies against B cells (B220) and LTi cells 

(RORt and LT) (lower). (D) The number of Peyer’s patches in the small intestines of wild-

type and Nfil3-/- mice were enumerated and plotted. Groups were compared by two-tailed 

student’s t-test. *, p<0.05, **, p<0.01, ****, p<0.0001. 
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FIGURE 18: Nfil3-/- mice are deficient in ILC2. 

(A,B) ILC2 were examined by nuclear staining of GATA3. ILC2 cells were identified among 

LPLs as GATA3+ Sca1+ or, more stringently, GATA3+ Sca1+ KLRG1+. Representative flow 

plots are shown in (A) and data from multiple mice are summarized in (B). (C,D) IL-5-

producing ILCs were analyzed after in vitro stimulation. Representative flow plots are shown 
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in (C) and data from multiple mice are summarized in (D). Groups were compared by two-

tailed student’s t-test. ***:p<0.001, ****:p<0.0001.  
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FIGURE 19: NFIL3 regulates ILC development in a cell-intrinsic manner. 

(A) Experimental setting. Equal numbers of wild-type (CD45.1+) and Nfil3-/- (CD45.2+) 

CLPs were co-transplanted into sublethally irradiated alymphoid Rag2-/-;Il2rg-/- mice and 

intestinal ILCs were analyzed 5 weeks later. (B) The frequencies of ILCs (ILC2+ILC3) 

derived from wild-type (CD45.1+) and Nfil3-/- (CD45.2+) donor cells among total LPLs were 

calculated and plotted. Groups were compared by two-tailed student’s t-test. *, p<0.05. 
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FIGURE 20: Enrichment of undifferentiated bone marrow cells by negative selection. 

Due to low frequencies of hematopoietic progenitor cells in the bone marrow of adult mice, 

undifferentiated (lineage marker-negative) cells were enriched by MACS-mediated negative 

selection prior to analysis or purification by FACS. To examine the efficiency of negative 

selection, samples before selection (A) and after selection (B) were subjected to CD45 and 

Lineage marker staining. More than 10-fold enrichment of Lineage-negative cells was 

routinely obtained during this process. Lineage markers used here include CD3, B220, 

CD11b, Gr-1, Ter119, CD5, TCR, and NK1.1. 
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FIGURE 21: Nfil3-/- mice are not deficient in LSK cells. 

Lin- cKit+ Sca1+ (LSK) cells roughly represent the hematopoietic stem cells (HSC), 

multipotent progenitors (MPPs) and lymphoid-primed multipotent progenitors (LMPPs). 

Bone marrow cells were isolated from femur and tibia from wild-type and Nfil3-/- mice. 

Lineage marker (Lin)-negative cells were first enriched by negative selection and then 

stained with antibodies against Sca1 and cKit. Typical flow plots are shown in (A) and data 

from multiple mice are pooled in (B). Comparison between the genotypes was done with the 

two-tailed student’s t-test. ns, not significant. 
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FIGURE 22: Nfil3-/- mice are deficient in bone marrow ILC precursors. 
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(A, C, D, E) Nfil3-/- mice have comparable CLP frequencies but show deficiencies in LP 

and ILC2P. Bone marrow cells were isolated from femur and tibia from wild-type and Nfil3-/- 

mice. Lineage marker (Lin)-negative cells were first enriched by negative selection and then 

stained with antibodies to identify CLP (Lin- cKitlow CD127+ Sca1low Flt3+ 47-), LP (Lin- 

cKitlow CD127+ Sca1low Flt3- 47+) [162] and ILC2P (Lin- cKitlow CD127+ Sca1+ CD25+) 

[155]. Gating strategy and representative flow plots are shown in (A) and combined data for 

CLP, LP and ILC2P are shown in (C), (D) and (E), respectively. (B, F) Nfil3-/- mice are 

deficient in common “helper-like” innate lymphoid progenitor (CHILP) cells [151]. Bone 

marrow cells were processed as above and CHILPs were identified as Lin- CD127+ 47+ 

CD25- Flt3-. Typical flow plots are shown in (B) and data from multiple mice are pooled in 

(F). Statistical analysis was performed with two-tailed student’s t-test. ns, not significant; 

***, p<0.001; ****, p<0.0001. 
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FIGURE 23: LPs differentiate into ILC2 and ILC3 in vitro. 

(A,B) LPs can differentiate into ILC2 cells in vitro. LPs were purified by FACS and ~25 

cells were co-cultured with a bone marrow stromal cell line OP9 (OP9-GFP) or OP9 cells 

stably expressing the Notch ligand Delta-like 1 (OP9-DL1) for 14 days in the presence of 

ILC2-inducing (IL-7 and IL-2) cytokines. ILC2 cells were identified as GATA3+ Sca1+. 

Typical flow plots are shown in (A) and combined data are shown in (B). (C,D) LPs can 

differentiate into ILC3 cells in vitro. LPs were co-cultured with OP9-GFP or OP9-DL1 

cells in the presence of ILC3-inducing (IL-7 and IL-23). ILC3 were detected as RORt+ 

NK1.1-. Representative flow plots are shown in (C) and combined data are shown in (D). 

Statistical analysis was performed with two-tailed student’s t-test. *, p<0.05; ***, p<0.001.  
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FIGURE 24: LPs differentiate into ILC2 in vivo. 

ILC2 and ILC3 were detected in the small intestines and colons of recipient 

mice.LP cells were purified from wild-type (CD45.1+) mice and ~1000 LP cells were 

transplanted into sublethally irradiated Rag2-/-;Il2rg-/- (CD45.2+) mice. ILCs in the small 

intestine and colon were examined 5-6 weeks later. ILC2 were detected as CD127+ GATA3+, 

of which all were also Sca1+. Representative flow plots are shown in (A) and differential ILC 

distribution in the small intestine and colon is summarized in (B). (C) Purified LPs were 
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not contaminated with CLPs as no donor-derived B cells (CD45.1+) were detected in the 

spleen and intestine of recipient mice. LPs were purified and transplanted as above. In 

agreement with a previous report [162], LPs failed to differentiate into B cells both in the 

small intestine and spleen. In contrast, a large population of NK1.1+ cells was observed in the 

spleen. 
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FIGURE 25: NFIL3 activates Tox expression by binding directly to the Tox promoter. 

(A-B) Tox expression is lower in Nfil3-/- CLPs than in wild-type cells. (A) Heatmap 

comparing expression levels of transcription factors in wild-type and Nfil3-/- CLPs. Each 

column represents a biological sample and each row represent one probe set of the given 

gene. Factors included Nfil3, Tox and other transcription factors that are known to be 
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involved in ILC development. The detection p values for each transcription factor in Illumina 

BeadArrays are also shown (left). (B) Q-PCR analysis of Tox expression in wild-type and 

Nfil3-/- CLPs. (C-F) NFIL3 activates Tox expression by binding directly to the Tox promoter. 

Tox expression was determined by Q-PCR following shRNA knockdown of NFIL3 (C), and 

NFIL3 overexpression (D) in EL4 cells. (E) ChIP analysis of EL4 cells using an NFIL3-

specific antibody or IgG control. Enrichment of the Tox promoter was calculated as the ratio 

of the NFIL3-specific antibody pull-down to the IgG control pull-down. The left panel shows 

results with endogenous NFIL3 levels and the right panel shows results with NFIL3 

overexpression. (F) Luciferase reporter assay. A 2.3kb fragment of the Tox promoter was 

cloned and fused with the firefly luciferase gene to generate a Tox-luciferase reporter. 

HEK293T cells were co-transfected with the reporter and an empty vector or an NFIL3-

encoding vector. Luciferase activity was normalized to cells transfected with vector-only 

controls. Statistical analysis was performed with two-tailed student’s t-test. **, p<0.01; ***, 

p<0.001; ****, p<0.0001. 
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FIGURE 26: Restoring Tox expression in Nfil3-/- LSK cells rescues ILC development. 

(A) Diagram illustrating the experimental design. Nfil3-/- LSK (CD45.2+) cells were 

retrovirally transduced with either TOX-encoding (Vector-Tox) or empty (MSCV-ires-hCD2) 

vectors. Cells were then transplanted into lethally irradiated wild-type mice (CD45.1+) and 

ILCs were examined 5-6 weeks later. (B) Gating strategy for examining ILCs in the recipient 

mice. Live cells were first electronically gated as ZombieGreen-negative and cells transduced 

by retrovirus were identified as CD45.2+ hCD2+. ILC2 and ILC3 were gated as Lineage 

(CD3, CD19, CD5, TCR, TCR)- CD127+ GATA3+ and Lin- CD127+ RORt+. (C) The 

sum of ILC2 and ILC3 frequencies were plotted. Statistical comparisons between groups 

were performed with two-tailed Mann-Whitney test. **, p<0.01. 
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FIGURE 27: Nfil3 deficiency results in increased susceptibility to Citrobacter rodentium 

infection in mice. 

Nfil3-/- mice were crossed with Rag1-/- mice to generate Nfil3-/-;Rag1-/- mice to eliminate the 

effects of adaptive immune cells, especially TH17 cells.   Rag1-/- and Nfil3-/-;Rag1-/- mice 

were orally challenged with 5 x 109 CFU of C. rodentium and mouse weight loss was 

monitored. Statistical comparisons between groups were performed with two-way ANOVA 

with posttests. *, p<0.05. 
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CHAPTER FIVE 

CONCLUSIONS AND FUTURE DIRECTIONS 

 
It has been recently recognized that the immune system is not only important for limiting and 

resolving infections, but is also critical for maintaining homeostasis in the body. 

Dysregulation of the immune function has been implicated in diseases that were thought 

unrelated to immunity, such as metabolic syndromes [175]. For example, inflammatory 

cytokines secreted by macrophages have been shown to play an important role in 

development of insulin resistance. Due to the wide influence of the immune system in the 

body, it has been of great interest to study the development and regulation of the immune 

system in response to environmental cues. 

 The day-night transition is a fundamental feature of life on Earth. To adapt to 

rhythmic environmental changes caused by the day-night cycle, living organisms have 

developed internal circadian clocks to coordinate behaviors and physiology accordingly. 

Meanwhile, a functional immune system helps maintain the integrity of life forms for long 

enough to allow evolution to occur. Therefore, it is not unexpected that the circadian clock 

and immunity are interconnected. In fact, disturbing the circadian clock by shift work has 

been implicated in immune disorders in humans [136]. A recent GWAS study also 

discovered that a circadian clock gene Period 3 is associated with a human immune disorder, 

IBD [176]. 

     In spite of mounting evidence that immunity is influenced by the circadian clock, 

the underlying mechanisms are largely unknown. My work reveals that the transcription 
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factor NFIL3 is at the interface between the circadian clock and the immune system and 

therefore provides novel insights into the mechanism by which the circadian clock regulates 

immunity (FIGURE 28). 

 

REGULATION OF TH17 CELL DEVELOPMENT BY NFIL3 

TH17 cells are an important player in host heath and disease. Cytokines produced by TH17 

cells regulate the functions of other immune cells to mount coordinated immune responses 

against extracellular pathogens such as bacteria and fungi [107]. In the meantime, TH17 cells 

are also implicated in immune disorders such as IBD, multiple sclerosis, psoriasis, and 

rheumatoid arthritis [118, 119, 122]. Interestingly, NFIL3 has recently been identified as an 

IBD-risk gene [127], though the mechanism is not understood. Thus, my work potentially 

provides mechanistic insights into the genetic association of TH17 and NFIL3 with IBD. 

 

NFIL3 suppresses TH17 cell development by regulating Rort expression. 

RORt is the master regulator of TH17 lineage specification from naïve CD4+ T cells, 

together with a transcriptional regulatory network consisting of  IRF4, BATF, STAT3 and c-

Maf [92, 122]. However, this transcriptional network was discovered by a candidate 

approach, i.e. choosing a set of transcription factors to start with, which is a powerful way to 

study the regulation between and downstream of the pre-chosen factors, but is limited in its 

ability to uncover factors functioning upstream. Indeed, my results demonstrated that NFIL3 

is an upstream repressor of RORt by binding directly to the GTTACTTAA motif in the 

Rort promoter, which has a profound impact on TH17 development.  Loss of NFIL3 led to 
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increased expression of Rort and, accordingly, elevated frequencies of TH17 cells in mice. 

Conversely, overexpression of NFIL3 resulted in reduced TH17 differentiation. 

 

The circadian clock regulates TH17 cell development through NFIL3. 

The circadian clock has been shown to influence various immune functions such as cytokine 

production by macrophages, proliferation of T helper cells and migration of monocytes [40, 

43, 50, 177]. But little was previously known about the role of the circadian clock in lineage 

specification of T cells. Regulation of RORt by NFIL3 thus provides an opportunity to 

examine the role of the circadian clock in T helper cell differentiation. My study revealed 

two lines of evidence supporting this hypothesis. First, mice genetically deficient in circadian 

clock components Rev-erb and Clock showed impaired TH17 differentiation in vitro and in 

vivo, in line with altered Nfil3 expression in these cells. Second, consistent with oscillation in 

Nfil3 expression, naïve CD4+ T cells from wild-type mice showed circadian variation in their 

potential for TH17 differentiation, which was abolished in Nfil3-/- cells.  Thus, my work 

demonstrated that TH17 cell differentiation is regulated by the circadian clock and timing of 

antigenic stimulation could influence the lineage specification choice of naïve T helper cells. 

To highlight the physiological role of circadian-regulated TH17 differentiation, I also 

provided evidence that disrupting the circadian clock by light cycle disturbance, a procedure 

mimicking shift work or jet-lag, elevated TH17 cell frequencies in the intestine and increased 

mouse susceptibility to DSS-induced colitis. These data correlate well with human studies 

[178, 179]. Note that the impacts of circadian disruption accumulate over time as both human 

and mice require prolonged circadian disruption to show pathological effects. 
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REGULATION OF INNATE LYMPHOID CELL DEVELOPMENT BY NFIL3 

Our understanding of innate lymphoid cells can be traced back to about 40 years ago when 

the first group of innate lymphoid cells, NK cells, was discovered [140]. In the past few 

years, several new groups of ILCs have been discovered, which motivated researchers to 

attempt to create a unified view of ILC development and function. This idea is based on the 

observation that ILCs are all of lymphoid origin, but do not bear rearranged specific antigen 

receptors as T and B cells do [138, 163]. This suggests that there may be a common ILC 

progenitor (CILP), distinct from B and T cell progenitors, that differentiates from the 

common lymphoid progenitor (CLP). Studies searching for the CILP have proven fruitful, as 

several progenitor populations have been identified with varied ILC differentiation potential 

[151, 155, 159, 162]. However, none of these progenitor populations has been shown to 

differentiate into all known ILCs. For example, the CHILP marked by expression of Id2, can 

differentiate into a non-NK ILC1 subtype, ILC2 and an NK1.1+ NKp46+ RORt+ ILC3 

subtype, but not NK cells. This agrees with the observation that Id2 deficiency doesn’t 

impact NK cell lineage specification but rather maturation [164]. Therefore, finding a factor 

that is essential for all ILC development at early differentiation stages will be critical for 

identifying the hypothesized CILP. 

 

NFIL3 is required for generation of bone marrow progenitors of all known ILCs. 

My study revealed that NFIL3 is required for development of mature ILC2 and ILC3 in 

peripheral tissues, such as the intestine. Together with published studies showing that NFIL3 
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is required for NK and non-NK ILC1 development [79, 80, 150, 151], NFIL3 is essential for 

the development of all known ILCs in mice. My study has also shown that deficiency of all 

known ILCs in Nfil3-/- mice coincides with impaired development of bone marrow 

precursors, such as ILC2P, LP and CHILP, which can collectively give rise to ILC1 

(including NK cells), ILC2 and ILC3. In addition, two recent studies have also shown that 

the requirement for NFIL3 occurs very early during NK cell development and is involved in 

generation of the earliest known NK precursor (PreNKP) [85, 86]. Thus, NFIL3 is the first 

known transcription factor that is essential for generation of bone marrow precursors of all 

known ILCs. 

 Interestingly, CLPs, which differentiate into all lymphoid lineages including ILC, T 

and B cells, are not impacted in Nfil3-/- mice, consistent with a previous report that 

development of T and B cells in Nfil3-/- mice is largely intact [69]. This is not due to lack of 

Nfil3 expression in CLPs. Instead, both my work and other studies demonstrate that Nfil3 is 

expressed at considerable levels in CLPs [85, 86]. In contrast, many transcription factors that 

are known to regulate ILC development including Id2, Zbtb16, Tcf7, Rort, Gata3, Tbx21 

and Ror, are not expressed in CLPs. Therefore, NFIL3 is the earliest acting transcription 

factor that we ever known to selectively regulate ILC differentiation.   

 Taken together, NFIL3 is the first ever known transcription factor that is required for 

all ILC development and is probably the earliest-acting transcription factor that specifically 

regulates generation of ILC precursors in the bone marrow. Thus, NFIL3 may serve as a 

molecular marker when searching for the hypothesized common ILC progenitor. 
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LPs differentiate into all known ILC types. 

It has been hypothesized that there is a common ILC progenitor that give rise to all ILCs and 

expresses Id2 [163]. However, the fact that Id2 doesn’t impact early NK precursor 

development undermines this hypothesis [164]. Indeed, the ILC precursor populations 

identified using Id2 as a molecular marker, including CHILP, fail to develop into NK cells 

[151]. Similarly, another study used Zbtb16 (encoding PLZF) as a marker and identified a 

PLZFhigh precursor population, which does not give rise to NK and LTi cells [159], consistent 

with normal development of NK and RORt+ ILC3 from Zbtb16-/- hematopoietic progenitors. 

Indeed, about half of CHILP are PLZF+, indicating the PLZFhigh precursor may be a 

subpopulation of CHILP [151]. On the contrary, Nfil3 deficiency impacts the development of 

all known ILCs, indicating the common ILC progenitor might be dependent on NFIL3. 

 Given the relatively limited differentiation potential of CHILP, PLZFhigh, and ILC2P 

precursor populations, I tested whether LPs can differentiate into all ILCs. LP are 

considered to be 47 integrin-expressing CLPs, which depend on NFIL3 for development 

and have been shown to differentiate into NK and ILC3. Indeed, LPs can differentiate into 

ILC2 both in vitro and in vivo, making LPs the first known precursor population that can 

develop into all known ILC types. However, it is not clear whether LPs can differentiate 

into these ILC types at the clonal level.  

 

NFIL3 regulates Tox expression. 

TOX is a High Mobility Group (HMG) transcription factor and has been shown to be 

required for NK and LTi cell development [172]. However, it is not clear how Tox fits into 
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the molecular pathway regulating ILC development. My data demonstrated that Tox is 

expressed in CLPs and is regulated by NFIL3. Nfil3 deficiency resulted in lower Tox 

expression. Using EL4 cells as a model, in which NFIL3 is also required for Tox expression 

as it is in CLPs, I provided evidence that NFIL3 binds directly to the Tox promoter and 

activates Tox expression. Furthermore, restoring Tox expression in NFIL3-/- LSK cells 

rescued ILC development in vivo, suggesting TOX functions downstream of NFIL3. 

 

FUTURE DIRECTIONS 

My work has demonstrated that NFIL3 regulates TH17 and ILC development by controlling 

expression of the downstream transcription factors RORt and TOX, respectively. However, 

future studies will be required to address the following questions. 

 

Is LP the common ILC progenitor? 

Though my data showed that LP can differentiate into ILC2, in addition to previously 

reported NK and ILC3, it is still not known whether LP can develop into these ILC types at 

the clonal level. It is possible that LP is a collection of early lineage-committed precursors 

for different types of ILCs. To address this question, individual LP cells need to be co-

cultured with OP9-DL1 cells in the presence of neutral, not lineage inducing, cytokines such 

as IL-7 and SCF [151], followed by lineage identification of ILC1 (including NK), ILC2 and 

ILC3. 

 If LP does not represent the common ILC progenitor (CILP), an alternative 

approach will be necessary to identify CILP. A reporter mouse strain can be generated by 
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knocking in an ires-egfp-containing DNA fragment into the Nfil3 locus, which allows 

identifying Nfil3-expressing cells in the bone marrow. An undifferentiated (Lin-) NFIL3+ 

population that depends on NFIL3 may include the CILP and further fractionation using 

other cell markers may be required to isolate the CILP. 

 

Is ILC differentiation regulated by the circadian clock? 

Because ILC development requires NFIL3 and Nfil3 is regulated by the circadian clock, it is 

reasonable to speculate that ILC development is regulated by the circadian clock and the day-

night cycle. To test this hypothesis, CLPs can be isolated at different times of the circadian 

cycle and cultured in vitro together with OP9 cells. Production of the common ILC 

progenitor (CILP) can be examined while early pro-B cells, the earliest B-lineage cells, can 

be used as an internal control. It may be also possible to monitor the size of the CILP 

population in the bone marrow around the circadian cycle. However, there are several 

caveats associated with this approach. First, the CILP may be long-living and therefore 

newly-generated CILP cells during a single circadian cycle may only account for a very 

small fraction of the total CILP pool. In that case, daily variation of the CILP pool may be 

too small to be detected. I have had a similar experience when studying circadian regulation 

of TH17 cells in mice.  Second, if circadian variation in the size of the CILP pool in the bone 

marrow is observed, it will be necessary to examine whether that is due to cell migration. For 

example, the hematopoietic stem cells (HSCs) pool in bone marrow shows daily oscillation 

as a result of oscillation of HSC-retraining signal chemokine CXCL12 in the bone marrow. 
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When the CXCL12 level decreases from midnight to noon, HSCs are released into blood, 

resulting in smaller HSC pool in the bone marrow [44, 180]. 

 

Differential regulatory mechanisms of Rort and Tox by NFIL3 

My study revealed that NFIL3 acts as an activator on the Rort promoter, but as a repressor 

on the Tox promoter. An interesting question remains to be answered: how does NFIL3 

function differently on the two promoters?  

 NFIL3 has been predominantly considered as a repressor as it is on the Rort 

promoter. For example, in the earliest studies that discovered NFIL3, NFIL3 was found to 

repress the E4 promoter of adenovirus by binding to a TGACGTAA motif [52]. A follow-up 

study identified a minimum repressive domain (aa299-aa363 of the human NFIL3 protein) 

[56]. Similarly, NFIL3 represses Il12b, Il13, Fgf21 and cPer2 [58, 67, 73, 78, 181]. 

Meanwhile, many other studies revealed NFIL3 as an activator. For example, the other early 

study that independently discovered NFIL3 showed that NFIL3 activates Il3 by binding to a 

TAATTACGTCTG motif [53]. Recently, NFIL3 has been shown to activate the Ig GL 

transcription in B cells [69] and activates Eomes in NK cells [85] by binding to their 

promoters. Therefore, both activating and repressing activities of NFIL3 have been well 

documented. 

 It will require intensive investigation to address the mechanism underlying the 

differential regulatory functions of NFIL3 on these two sets of promoters, such as identifying 

cofactors that NFIL3 interacts with and epigenetic modification of chromatin under these two 

settings. However, one simple hypothesis that may be worth testing involves the binding 
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motifs in these promoters. The current known binding consensus for NFIL3, RTTAYRTAA, 

was discovered by studying the repressive effects of NFIL3. Interestingly, NFIL3 appears to 

bind other motifs when functioning as an activator. As mentioned before, NFIL3 binds to the 

TAATTACGTCTG motif to activate Il3, which was discovered by a DNase footprinting 

assay, a relatively unbiased approach to pinpoint transcription factor binding site [53]. In 

addition, no motif similar to the RTTAYRTAA consensus has been found in the NFIL3-

responsive, minimum Tox promoter in my preliminary studies, suggesting a different binding 

motif exists in this promoter region. Further studies in this direction may yield important 

clues about the mechanism of NFIL3 in transcriptional regulation.  

 

CONCLUSIONS 

The studies presented in this thesis have uncovered new roles for NFIL3 in regulating innate 

and adaptive immunity and have highlighted NFIL3 as a critical molecule linking host 

immunity to the external circadian cycle. NFIL3 suppresses TH17 cell development from 

naïve CD4+ T cells and mediates circadian variation in TH17 lineage specification. This 

provides one way to maintain TH17 cell homeostasis and limit excess inflammation at 

mucosal sites where dense microflora is present. NFIL3 also drives development of ILCs by 

regulating generation of ILC precursors in the bone marrow, making NFIL3 the first known 

transcription factor that is required for all ILC development at bone marrow precursor stages. 

In addition, my studies also revealed two distinct transcriptional regulatory cascades 

employed by NFIL3 in different immune cells, suggesting that NFIL3 plays different roles in 
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different immune compartments. Finally, this work not only provides novel insights into 

circadian regulation of immunity, but also opens up new areas for future investigation. 
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FIGURE 28: Working model. 

NFIL3 regulates the development of TH17 and ILC by controlling transcription factors 

RORt and TOX, respectively. Because NFIL3 is regulated by the circadian clock, it 

provides a mechanistic link between external circadian cycle and internal immune functions. 

 

 

 



 

109 



 

110 

BIBLIOGRAPHY 
 
 
1. Mohawk, J. A., Green, C. B., Takahashi, J. S. (2012) Central and peripheral 

circadian clocks in mammals. Annual review of neuroscience 35, 445-62. 

2. Green, C. B., Takahashi, J. S., Bass, J. (2008) The meter of metabolism. Cell 134, 
728-42. 

3. Scheiermann, C., Kunisaki, Y., Frenette, P. S. (2013) Circadian control of the 
immune system. Nature reviews. Immunology 13, 190-8. 

4. Johnson, C. H., Stewart, P. L., Egli, M. (2011) The cyanobacterial circadian 
system: from biophysics to bioevolution. Annual review of biophysics 40, 143-67. 

5. Harmer, S. L. (2009) The circadian system in higher plants. Annual review of 
plant biology 60, 357-77. 

6. Hardin, P. E. (2005) The circadian timekeeping system of Drosophila. Curr Biol 
15, R714-22. 

7. Lowrey, P. L. and Takahashi, J. S. (2000) Genetics of the mammalian circadian 
system: Photic entrainment, circadian pacemaker mechanisms, and 
posttranslational regulation. Annual review of genetics 34, 533-562. 

8. O'Neill, J. S. and Reddy, A. B. (2011) Circadian clocks in human red blood cells. 
Nature 469, 498-503. 

9. O'Neill, J. S., van Ooijen, G., Dixon, L. E., Troein, C., Corellou, F., Bouget, F. 
Y., Reddy, A. B., Millar, A. J. (2011) Circadian rhythms persist without 
transcription in a eukaryote. Nature 469, 554-8. 

10. Edgar, R. S., Green, E. W., Zhao, Y., van Ooijen, G., Olmedo, M., Qin, X., Xu, 
Y., Pan, M., Valekunja, U. K., Feeney, K. A., Maywood, E. S., Hastings, M. H., 
Baliga, N. S., Merrow, M., Millar, A. J., Johnson, C. H., Kyriacou, C. P., O'Neill, 
J. S., Reddy, A. B. (2012) Peroxiredoxins are conserved markers of circadian 
rhythms. Nature 485, 459-64. 

11. Bass, J. and Takahashi, J. S. (2011) Circadian rhythms: Redox redux. Nature 469, 
476-8. 



111 

 

12. Golombek, D. A. and Rosenstein, R. E. (2010) Physiology of circadian 
entrainment. Physiol Rev 90, 1063-102. 

13. Colwell, C. S. (2011) Linking neural activity and molecular oscillations in the 
SCN. Nature reviews. Neuroscience 12, 553-69. 

14. Buhr, E. D., Yoo, S. H., Takahashi, J. S. (2010) Temperature as a universal 
resetting cue for mammalian circadian oscillators. Science 330, 379-85. 

15. Nakahata, Y., Kaluzova, M., Grimaldi, B., Sahar, S., Hirayama, J., Chen, D., 
Guarente, L. P., Sassone-Corsi, P. (2008) The NAD+-dependent deacetylase 
SIRT1 modulates CLOCK-mediated chromatin remodeling and circadian control. 
Cell 134, 329-40. 

16. Asher, G., Gatfield, D., Stratmann, M., Reinke, H., Dibner, C., Kreppel, F., 
Mostoslavsky, R., Alt, F. W., Schibler, U. (2008) SIRT1 regulates circadian clock 
gene expression through PER2 deacetylation. Cell 134, 317-28. 

17. Asher, G., Reinke, H., Altmeyer, M., Gutierrez-Arcelus, M., Hottiger, M. O., 
Schibler, U. (2010) Poly(ADP-Ribose) Polymerase 1 Participates in the Phase 
Entrainment of Circadian Clocks to Feeding. Cell In Press, Corrected Proof. 

18. Bass, J. and Takahashi, J. S. (2010) Circadian integration of metabolism and 
energetics. Science 330, 1349-54. 

19. Buijs, R. M. and Kalsbeek, A. (2001) Hypothalamic integration of central and 
peripheral clocks. Nature reviews. Neuroscience 2, 521-6. 

20. Konopka, R. J. and Benzer, S. (1971) Clock mutants of Drosophila melanogaster. 
Proceedings of the National Academy of Sciences of the United States of America 
68, 2112-6. 

21. Vitaterna, M. H., King, D. P., Chang, A. M., Kornhauser, J. M., Lowrey, P. L., 
McDonald, J. D., Dove, W. F., Pinto, L. H., Turek, F. W., Takahashi, J. S. (1994) 
Mutagenesis and mapping of a mouse gene, Clock, essential for circadian 
behavior. Science 264, 719-25. 

22. King, D. P., Zhao, Y., Sangoram, A. M., Wilsbacher, L. D., Tanaka, M., Antoch, 
M. P., Steeves, T. D., Vitaterna, M. H., Kornhauser, J. M., Lowrey, P. L., Turek, 
F. W., Takahashi, J. S. (1997) Positional cloning of the mouse circadian clock 
gene. Cell 89, 641-53. 



112 

 

23. Shearman, L. P., Zylka, M. J., Weaver, D. R., Kolakowski, L. F., Jr., Reppert, S. 
M. (1997) Two period homologs: circadian expression and photic regulation in 
the suprachiasmatic nuclei. Neuron 19, 1261-9. 

24. Gekakis, N., Staknis, D., Nguyen, H. B., Davis, F. C., Wilsbacher, L. D., King, D. 
P., Takahashi, J. S., Weitz, C. J. (1998) Role of the CLOCK protein in the 
mammalian circadian mechanism. Science 280, 1564-9. 

25. Sangoram, A. M., Saez, L., Antoch, M. P., Gekakis, N., Staknis, D., Whiteley, A., 
Fruechte, E. M., Vitaterna, M. H., Shimomura, K., King, D. P., Young, M. W., 
Weitz, C. J., Takahashi, J. S. (1998) Mammalian circadian autoregulatory loop: a 
timeless ortholog and mPer1 interact and negatively regulate CLOCK-BMAL1-
induced transcription. Neuron 21, 1101-13. 

26. Preitner, N., Damiola, F., Lopez-Molina, L., Zakany, J., Duboule, D., Albrecht, 
U., Schibler, U. (2002) The orphan nuclear receptor REV-ERBalpha controls 
circadian transcription within the positive limb of the mammalian circadian 
oscillator. Cell 110, 251-60. 

27. Cardone, L., Hirayama, J., Giordano, F., Tamaru, T., Palvimo, J. J., Sassone-
Corsi, P. (2005) Circadian clock control by SUMOylation of BMAL1. Science 
309, 1390-4. 

28. Camacho, F., Cilio, M., Guo, Y., Virshup, D. M., Patel, K., Khorkova, O., Styren, 
S., Morse, B., Yao, Z., Keesler, G. A. (2001) Human casein kinase Idelta 
phosphorylation of human circadian clock proteins period 1 and 2. FEBS letters 
489, 159-65. 

29. Eide, E. J., Woolf, M. F., Kang, H., Woolf, P., Hurst, W., Camacho, F., 
Vielhaber, E. L., Giovanni, A., Virshup, D. M. (2005) Control of mammalian 
circadian rhythm by CKIepsilon-regulated proteasome-mediated PER2 
degradation. Mol Cell Biol 25, 2795-807. 

30. Lamia, K. A., Sachdeva, U. M., DiTacchio, L., Williams, E. C., Alvarez, J. G., 
Egan, D. F., Vasquez, D. S., Juguilon, H., Panda, S., Shaw, R. J., Thompson, C. 
B., Evans, R. M. (2009) AMPK regulates the circadian clock by cryptochrome 
phosphorylation and degradation. Science 326, 437-40. 



113 

 

31. Yin, L., Wang, J., Klein, P. S., Lazar, M. A. (2006) Nuclear receptor Rev-
erbalpha is a critical lithium-sensitive component of the circadian clock. Science 
311, 1002-5. 

32. Forman, B. M., Chen, J., Blumberg, B., Kliewer, S. A., Henshaw, R., Ong, E. S., 
Evans, R. M. (1994) Cross-talk among ROR alpha 1 and the Rev-erb family of 
orphan nuclear receptors. Mol Endocrinol 8, 1253-61. 

33. Reick, M., Garcia, J. A., Dudley, C., McKnight, S. L. (2001) NPAS2: an analog 
of clock operative in the mammalian forebrain. Science 293, 506-9. 

34. Hogenesch, J. B., Gu, Y. Z., Moran, S. M., Shimomura, K., Radcliffe, L. A., 
Takahashi, J. S., Bradfield, C. A. (2000) The basic helix-loop-helix-PAS protein 
MOP9 is a brain-specific heterodimeric partner of circadian and hypoxia factors. J 
Neurosci 20, RC83. 

35. Koike, N., Yoo, S. H., Huang, H. C., Kumar, V., Lee, C., Kim, T. K., Takahashi, 
J. S. (2012) Transcriptional Architecture and Chromatin Landscape of the Core 
Circadian Clock in Mammals. Science. 

36. Duez, H., van der Veen, J. N., Duhem, C., Pourcet, B., Touvier, T., Fontaine, C., 
Derudas, B., Bauge, E., Havinga, R., Bloks, V. W., Wolters, H., van der Sluijs, F. 
H., Vennstrom, B., Kuipers, F., Staels, B. (2008) Regulation of bile acid synthesis 
by the nuclear receptor Rev-erbalpha. Gastroenterology 135, 689-98. 

37. Hooper, L. V. and Macpherson, A. J. (2010) Immune adaptations that maintain 
homeostasis with the intestinal microbiota. Nature reviews. Immunology 10, 159-
69. 

38. Silver, A. C., Arjona, A., Hughes, M. E., Nitabach, M. N., Fikrig, E. (2011) 
Circadian expression of clock genes in mouse macrophages, dendritic cells, and B 
cells. Brain Behav Immun. 

39. Liu, J., Malkani, G., Shi, X., Meyer, M., Cunningham-Runddles, S., Ma, X., Sun, 
Z. S. (2006) The circadian clock Period 2 gene regulates gamma interferon 
production of NK cells in host response to lipopolysaccharide-induced endotoxic 
shock. Infect Immun 74, 4750-6. 

40. Keller, M., Mazuch, J., Abraham, U., Eom, G. D., Herzog, E. D., Volk, H. D., 
Kramer, A., Maier, B. (2009) A circadian clock in macrophages controls 



114 

 

inflammatory immune responses. Proceedings of the National Academy of 
Sciences of the United States of America 106, 21407-12. 

41. Halberg, F., Visscher, M. B., Bittner, J. J. (1953) Eosinophil rhythm in mice: 
range of occurrence; effects of illumination, feeding, and adrenalectomy. Am J 
Physiol 174, 109-22. 

42. Scheiermann, C., Kunisaki, Y., Lucas, D., Chow, A., Jang, J. E., Zhang, D., 
Hashimoto, D., Merad, M., Frenette, P. S. (2012) Adrenergic nerves govern 
circadian leukocyte recruitment to tissues. Immunity 37, 290-301. 

43. Nguyen, K. D., Fentress, S. J., Qiu, Y., Yun, K., Cox, J. S., Chawla, A. (2013) 
Circadian gene Bmal1 regulates diurnal oscillations of Ly6C(hi) inflammatory 
monocytes. Science 341, 1483-8. 

44. Casanova-Acebes, M., Pitaval, C., Weiss, L. A., Nombela-Arrieta, C., Chevre, R., 
N, A. G., Kunisaki, Y., Zhang, D., van Rooijen, N., Silberstein, L. E., Weber, C., 
Nagasawa, T., Frenette, P. S., Castrillo, A., Hidalgo, A. (2013) Rhythmic 
modulation of the hematopoietic niche through neutrophil clearance. Cell 153, 
1025-35. 

45. Nussbaum, J. C., Van Dyken, S. J., von Moltke, J., Cheng, L. E., Mohapatra, A., 
Molofsky, A. B., Thornton, E. E., Krummel, M. F., Chawla, A., Liang, H. E., 
Locksley, R. M. (2013) Type 2 innate lymphoid cells control eosinophil 
homeostasis. Nature. 

46. Halberg, F., Johnson, E. A., Brown, B. W., Bittner, J. J. (1960) Susceptibility 
rhythm to E. coli endotoxin and bioassay. Proceedings of the Society for 
Experimental Biology and Medicine. Society for Experimental Biology and 
Medicine 103, 142-4. 

47. Gibbs, J. E., Blaikley, J., Beesley, S., Matthews, L., Simpson, K. D., Boyce, S. H., 
Farrow, S. N., Else, K. J., Singh, D., Ray, D. W., Loudon, A. S. (2011) The 
nuclear receptor REV-ERBalpha mediates circadian regulation of innate 
immunity through selective regulation of inflammatory cytokines. Proceedings of 
the National Academy of Sciences of the United States of America. 

48. Spengler, M. L., Kuropatwinski, K. K., Comas, M., Gasparian, A. V., Fedtsova, 
N., Gleiberman, A. S., Gitlin, II, Artemicheva, N. M., Deluca, K. A., Gudkov, A. 
V., Antoch, M. P. (2012) Core circadian protein CLOCK is a positive regulator of 



115 

 

NF-kappaB-mediated transcription. Proceedings of the National Academy of 
Sciences of the United States of America 109, E2457-65. 

49. Bollinger, T., Leutz, A., Leliavski, A., Skrum, L., Kovac, J., Bonacina, L., 
Benedict, C., Lange, T., Westermann, J., Oster, H., Solbach, W. (2011) Circadian 
Clocks in Mouse and Human CD4+ T Cells. PLoS ONE 6, e29801. 

50. Fortier, E. E., Rooney, J., Dardente, H., Hardy, M. P., Labrecque, N., Cermakian, 
N. (2011) Circadian variation of the response of T cells to antigen. Journal of 
immunology 187, 6291-300. 

51. Silver, A. C., Arjona, A., Walker, W. E., Fikrig, E. (2012) The circadian clock 
controls toll-like receptor 9-mediated innate and adaptive immunity. Immunity 
36, 251-61. 

52. Cowell, I. G., Skinner, A., Hurst, H. C. (1992) Transcriptional repression by a 
novel member of the bZIP family of transcription factors. Mol Cell Biol 12, 3070-
7. 

53. Zhang, W., Zhang, J., Kornuc, M., Kwan, K., Frank, R., Nimer, S. D. (1995) 
Molecular cloning and characterization of NF-IL3A, a transcriptional activator of 
the human interleukin-3 promoter. Mol Cell Biol 15, 6055-63. 

54. Ikushima, S., Inukai, T., Inaba, T., Nimer, S. D., Cleveland, J. L., Look, A. T. 
(1997) Pivotal role for the NFIL3/E4BP4 transcription factor in interleukin 3-
mediated survival of pro-B lymphocytes. Proceedings of the National Academy of 
Sciences of the United States of America 94, 2609-14. 

55. Mitsui, S., Yamaguchi, S., Matsuo, T., Ishida, Y., Okamura, H. (2001) 
Antagonistic role of E4BP4 and PAR proteins in the circadian oscillatory 
mechanism. Genes & development 15, 995-1006. 

56. Cowell, I. G. and Hurst, H. C. (1994) Transcriptional repression by the human 
bZIP factor E4BP4: definition of a minimal repression domain. Nucleic Acids Res 
22, 59-65. 

57. Yu, Y. L., Chiang, Y. J., Yen, J. J. (2002) GATA factors are essential for 
transcription of the survival gene E4bp4 and the viability response of interleukin-
3 in Ba/F3 hematopoietic cells. J Biol Chem 277, 27144-53. 



116 

 

58. Kobayashi, T., Matsuoka, K., Sheikh, S. Z., Elloumi, H. Z., Kamada, N., 
Hisamatsu, T., Hansen, J. J., Doty, K. R., Pope, S. D., Smale, S. T., Hibi, T., 
Rothman, P. B., Kashiwada, M., Plevy, S. E. (2011) NFIL3 Is a Regulator of IL-
12 p40 in Macrophages and Mucosal Immunity. Journal of immunology. 

59. Lang, R., Patel, D., Morris, J. J., Rutschman, R. L., Murray, P. J. (2002) Shaping 
gene expression in activated and resting primary macrophages by IL-10. Journal 
of immunology 169, 2253-63. 

60. Chen, Z., Lund, R., Aittokallio, T., Kosonen, M., Nevalainen, O., Lahesmaa, R. 
(2003) Identification of novel IL-4/Stat6-regulated genes in T lymphocytes. 
Journal of immunology 171, 3627-35. 

61. Schroder, A. J., Pavlidis, P., Arimura, A., Capece, D., Rothman, P. B. (2002) 
Cutting edge: STAT6 serves as a positive and negative regulator of gene 
expression in IL-4-stimulated B lymphocytes. Journal of immunology 168, 996-
1000. 

62. Ramsborg, C. G. and Papoutsakis, E. T. (2007) Global transcriptional analysis 
delineates the differential inflammatory response interleukin-15 elicits from 
cultured human T cells. Experimental hematology 35, 454-464. 

63. Altura, R. A., Inukai, T., Ashmun, R. A., Zambetti, G. P., Roussel, M. F., Look, 
A. T. (1998) The chimeric E2A-HLF transcription factor abrogates p53-induced 
apoptosis in myeloid leukemia cells. Blood 92, 1397-405. 

64. Ozkurt, I. C., Pirih, F. Q., Tetradis, S. (2004) Parathyroid hormone induces E4bp4 
messenger ribonucleic acid expression primarily through cyclic adenosine 3',5'-
monophosphate signaling in osteoblasts. Endocrinology 145, 3696-703. 

65. Ozkurt, I. C. and Tetradis, S. (2003) Parathyroid hormone-induced E4BP4/NFIL3 
down-regulates transcription in osteoblasts. J Biol Chem 278, 26803-9. 

66. Sartipy, P. and Loskutoff, D. J. (2003) Expression profiling identifies genes that 
continue to respond to insulin in adipocytes made insulin-resistant by treatment 
with tumor necrosis factor-alpha. J Biol Chem 278, 52298-306. 

67. Tong, X., Muchnik, M., Chen, Z., Patel, M., Wu, N., Joshi, S., Rui, L., Lazar, M. 
A., Yin, L. (2010) Transcriptional repressor E4-binding protein 4 (E4BP4) 



117 

 

regulates metabolic hormone fibroblast growth factor 21 (FGF21) during 
circadian cycles and feeding. J Biol Chem 285, 36401-9. 

68. Noshiro, M., Usui, E., Kawamoto, T., Kubo, H., Fujimoto, K., Furukawa, M., 
Honma, S., Makishima, M., Honma, K., Kato, Y. (2007) Multiple mechanisms 
regulate circadian expression of the gene for cholesterol 7alpha-hydroxylase 
(Cyp7a), a key enzyme in hepatic bile acid biosynthesis. J Biol Rhythms 22, 299-
311. 

69. Kashiwada, M., Levy, D. M., McKeag, L., Murray, K., Schroder, A. J., Canfield, 
S. M., Traver, G., Rothman, P. B. (2010) IL-4-induced transcription factor 
NFIL3/E4BP4 controls IgE class switching. Proceedings of the National 
Academy of Sciences of the United States of America 107, 821-6. 

70. Doi, M., Okano, T., Yujnovsky, I., Sassone-Corsi, P., Fukada, Y. (2004) Negative 
control of circadian clock regulator E4BP4 by casein kinase Iepsilon-mediated 
phosphorylation. Curr Biol 14, 975-80. 

71. Keniry, M., Pires, M. M., Mense, S., Lefebvre, C., Gan, B., Justiano, K., Lau, Y. 
K., Hopkins, B., Hodakoski, C., Koujak, S., Toole, J., Fenton, F., Calahan, A., 
Califano, A., DePinho, R. A., Maurer, M., Parsons, R. (2013) Survival factor 
NFIL3 restricts FOXO-induced gene expression in cancer. Genes & development 
27, 916-27. 

72. MacGillavry, H. D., Stam, F. J., Sassen, M. M., Kegel, L., Hendriks, W. T., 
Verhaagen, J., Smit, A. B., van Kesteren, R. E. (2009) NFIL3 and cAMP response 
element-binding protein form a transcriptional feedforward loop that controls 
neuronal regeneration-associated gene expression. J Neurosci 29, 15542-50. 

73. Smith, A. M., Qualls, J. E., O'Brien, K., Balouzian, L., Johnson, P. F., Schultz-
Cherry, S., Smale, S. T., Murray, P. J. (2011) A Distal Enhancer in Il12b Is the 
Target of Transcriptional Repression by the STAT3 Pathway and Requires the 
Basic Leucine Zipper (B-ZIP) Protein NFIL3. J Biol Chem 286, 23582-90. 

74. Kashiwada, M., Pham, N. L., Pewe, L. L., Harty, J. T., Rothman, P. B. (2011) 
NFIL3/E4BP4 is a key transcription factor for CD8alpha dendritic cell 
development. Blood 117, 6193-7. 



118 

 

75. Carey, K. T., Tan, K. H., Ng, J., Liddicoat, D. R., Godfrey, D. I., Cole, T. J. 
(2013) Nfil3 is a glucocorticoid-regulated gene required for glucocorticoid-
induced apoptosis in male murine T cells. Endocrinology 154, 1540-52. 

76. Belkaya, S., Silge, R. L., Hoover, A. R., Medeiros, J. J., Eitson, J. L., Becker, A. 
M., de la Morena, M. T., Bassel-Duby, R. S., van Oers, N. S. (2011) Dynamic 
modulation of thymic microRNAs in response to stress. PLoS One 6, e27580. 

77. Motomura, Y., Kitamura, H., Hijikata, A., Matsunaga, Y., Matsumoto, K., Inoue, 
H., Atarashi, K., Hori, S., Watarai, H., Zhu, J., Taniguchi, M., Kubo, M. (2011) 
The transcription factor E4BP4 regulates the production of IL-10 and IL-13 in 
CD4(+) T cells. Nature immunology 12, 450-9. 

78. Kashiwada, M., Cassel, S. L., Colgan, J. D., Rothman, P. B. (2011) NFIL3/E4BP4 
controls type 2 T helper cell cytokine expression. EMBO J 30, 2071-82. 

79. Kamizono, S., Duncan, G. S., Seidel, M. G., Morimoto, A., Hamada, K., 
Grosveld, G., Akashi, K., Lind, E. F., Haight, J. P., Ohashi, P. S., Look, A. T., 
Mak, T. W. (2009) Nfil3/E4bp4 is required for the development and maturation of 
NK cells in vivo. The Journal of experimental medicine 206, 2977-86. 

80. Gascoyne, D. M., Long, E., Veiga-Fernandes, H., de Boer, J., Williams, O., 
Seddon, B., Coles, M., Kioussis, D., Brady, H. J. (2009) The basic leucine zipper 
transcription factor E4BP4 is essential for natural killer cell development. Nature 
immunology 10, 1118-24. 

81. Rosmaraki, E. E., Douagi, I., Roth, C., Colucci, F., Cumano, A., Di Santo, J. P. 
(2001) Identification of committed NK cell progenitors in adult murine bone 
marrow. Eur J Immunol 31, 1900-9. 

82. Vosshenrich, C. A. and Di Santo, J. P. (2013) Developmental programming of 
natural killer and innate lymphoid cells. Current opinion in immunology 25, 130-
8. 

83. Carotta, S., Pang, S. H., Nutt, S. L., Belz, G. T. (2011) Identification of the 
earliest NK-cell precursor in the mouse BM. Blood 117, 5449-52. 

84. Fathman, J. W., Bhattacharya, D., Inlay, M. A., Seita, J., Karsunky, H., 
Weissman, I. L. (2011) Identification of the earliest natural killer cell-committed 
progenitor in murine bone marrow. Blood 118, 5439-47. 



119 

 

85. Male, V., Nisoli, I., Kostrzewski, T., Allan, D. S., Carlyle, J. R., Lord, G. M., 
Wack, A., Brady, H. J. (2014) The transcription factor E4bp4/Nfil3 controls 
commitment to the NK lineage and directly regulates Eomes and Id2 expression. 
The Journal of experimental medicine 211, 635-42. 

86. Seillet, C., Huntington, N. D., Gangatirkar, P., Axelsson, E., Minnich, M., Brady, 
H. J., Busslinger, M., Smyth, M. J., Belz, G. T., Carotta, S. (2014) Differential 
requirement for Nfil3 during NK cell development. Journal of immunology 192, 
2667-76. 

87. Firth, M. A., Madera, S., Beaulieu, A. M., Gasteiger, G., Castillo, E. F., Schluns, 
K. S., Kubo, M., Rothman, P. B., Vivier, E., Sun, J. C. (2013) Nfil3-independent 
lineage maintenance and antiviral response of natural killer cells. The Journal of 
experimental medicine 210, 2981-90. 

88. Crotta, S., Gkioka, A., Male, V., Duarte, J. H., Davidson, S., Nisoli, I., Brady, H. 
J., Wack, A. (2014) The transcription factor E4BP4 is not required for 
extramedullary pathways of NK cell development. Journal of immunology 192, 
2677-88. 

89. Cortez, V. S., Fuchs, A., Cella, M., Gilfillan, S., Colonna, M. (2014) Cutting 
edge: salivary gland NK cells develop independently of nfil3 in steady-state. 
Journal of immunology 192, 4487-91. 

90. Male, V., Nisoli, I., Gascoyne, D. M., Brady, H. J. (2011) E4BP4: an unexpected 
player in the immune response. Trends in immunology. 

91. Cash, H. L., Whitham, C. V., Behrendt, C. L., Hooper, L. V. (2006) Symbiotic 
bacteria direct expression of an intestinal bactericidal lectin. Science 313, 1126-
30. 

92. Ivanov, II, McKenzie, B. S., Zhou, L., Tadokoro, C. E., Lepelley, A., Lafaille, J. 
J., Cua, D. J., Littman, D. R. (2006) The orphan nuclear receptor RORgammat 
directs the differentiation program of proinflammatory IL-17+ T helper cells. Cell 
126, 1121-33. 

93. Ivanov, II, Frutos Rde, L., Manel, N., Yoshinaga, K., Rifkin, D. B., Sartor, R. B., 
Finlay, B. B., Littman, D. R. (2008) Specific microbiota direct the differentiation 
of IL-17-producing T-helper cells in the mucosa of the small intestine. Cell host 
& microbe 4, 337-49. 



120 

 

94. Ostanin, D. V., Bao, J., Koboziev, I., Gray, L., Robinson-Jackson, S. A., 
Kosloski-Davidson, M., Price, V. H., Grisham, M. B. (2009) T cell transfer model 
of chronic colitis: concepts, considerations, and tricks of the trade. Am J Physiol 
Gastrointest Liver Physiol 296, G135-46. 

95. Powrie, F., Leach, M. W., Mauze, S., Caddle, L. B., Coffman, R. L. (1993) 
Phenotypically distinct subsets of CD4+ T cells induce or protect from chronic 
intestinal inflammation in C. B-17 scid mice. International immunology 5, 1461-
71. 

96. Naldini, L., Blomer, U., Gallay, P., Ory, D., Mulligan, R., Gage, F. H., Verma, I. 
M., Trono, D. (1996) In vivo gene delivery and stable transduction of nondividing 
cells by a lentiviral vector. Science 272, 263-7. 

97. Hu, W., Troutman, T. D., Edukulla, R., Pasare, C. (2011) Priming 
microenvironments dictate cytokine requirements for T helper 17 cell lineage 
commitment. Immunity 35, 1010-22. 

98. Morita, S., Kojima, T., Kitamura, T. (2000) Plat-E: an efficient and stable system 
for transient packaging of retroviruses. Gene therapy 7, 1063-6. 

99. Zheng, J., Umikawa, M., Cui, C., Li, J., Chen, X., Zhang, C., Huynh, H., Kang, 
X., Silvany, R., Wan, X., Ye, J., Canto, A. P., Chen, S. H., Wang, H. Y., Ward, E. 
S., Zhang, C. C. (2012) Inhibitory receptors bind ANGPTLs and support blood 
stem cells and leukaemia development. Nature 485, 656-60. 

100. Huh, J. W., Wu, J., Lee, C. H., Yun, M., Gilada, D., Brautigam, C. A., Li, B. 
(2012) Multivalent di-nucleosome recognition enables the Rpd3S histone 
deacetylase complex to tolerate decreased H3K36 methylation levels. EMBO J 
31, 3564-74. 

101. Ayabe, T., Satchell, D. P., Wilson, C. L., Parks, W. C., Selsted, M. E., Ouellette, 
A. J. (2000) Secretion of microbicidal alpha-defensins by intestinal Paneth cells in 
response to bacteria. Nature immunology 1, 113-8. 

102. Vaishnava, S., Behrendt, C. L., Ismail, A. S., Eckmann, L., Hooper, L. V. (2008) 
Paneth cells directly sense gut commensals and maintain homeostasis at the 
intestinal host-microbial interface. Proceedings of the National Academy of 
Sciences of the United States of America 105, 20858-63. 



121 

 

103. Mukherjee, S., Zheng, H., Derebe, M. G., Callenberg, K. M., Partch, C. L., 
Rollins, D., Propheter, D. C., Rizo, J., Grabe, M., Jiang, Q. X., Hooper, L. V. 
(2014) Antibacterial membrane attack by a pore-forming intestinal C-type lectin. 
Nature 505, 103-7. 

104. Dube, D. H., Prescher, J. A., Quang, C. N., Bertozzi, C. R. (2006) Probing mucin-
type O-linked glycosylation in living animals. Proceedings of the National 
Academy of Sciences of the United States of America 103, 4819-24. 

105. Vaishnava, S., Yamamoto, M., Severson, K. M., Ruhn, K. A., Yu, X., Koren, O., 
Ley, R., Wakeland, E. K., Hooper, L. V. (2011) The Antibacterial Lectin RegIIIγ 
Promotes the Spatial Segregation of Microbiota and Host in the Intestine. Science 
334, 255-258. 

106. Benjamin, J. L., Sumpter, R., Jr., Levine, B., Hooper, L. V. (2013) Intestinal 
epithelial autophagy is essential for host defense against invasive bacteria. Cell 
host & microbe 13, 723-34. 

107. Korn, T., Bettelli, E., Oukka, M., Kuchroo, V. K. (2009) IL-17 and Th17 Cells. 
Annual review of immunology 27, 485-517. 

108. Khader, S. A., Gaffen, S. L., Kolls, J. K. (2009) Th17 cells at the crossroads of 
innate and adaptive immunity against infectious diseases at the mucosa. Mucosal 
Immunol 2, 403-11. 

109. Park, H., Li, Z., Yang, X. O., Chang, S. H., Nurieva, R., Wang, Y. H., Wang, Y., 
Hood, L., Zhu, Z., Tian, Q., Dong, C. (2005) A distinct lineage of CD4 T cells 
regulates tissue inflammation by producing interleukin 17. Nature immunology 6, 
1133-41. 

110. Harrington, L. E., Hatton, R. D., Mangan, P. R., Turner, H., Murphy, T. L., 
Murphy, K. M., Weaver, C. T. (2005) Interleukin 17-producing CD4+ effector T 
cells develop via a lineage distinct from the T helper type 1 and 2 lineages. Nature 
immunology 6, 1123-32. 

111. Song, X. and Qian, Y. (2013) The activation and regulation of IL-17 receptor 
mediated signaling. Cytokine 62, 175-82. 

112. Rutz, S., Eidenschenk, C., Ouyang, W. (2013) IL-22, not simply a Th17 cytokine. 
Immunological reviews 252, 116-32. 



122 

 

113. Ouyang, W., Kolls, J. K., Zheng, Y. (2008) The biological functions of T helper 
17 cell effector cytokines in inflammation. Immunity 28, 454-67. 

114. Ishigame, H., Kakuta, S., Nagai, T., Kadoki, M., Nambu, A., Komiyama, Y., 
Fujikado, N., Tanahashi, Y., Akitsu, A., Kotaki, H., Sudo, K., Nakae, S., 
Sasakawa, C., Iwakura, Y. (2009) Differential roles of interleukin-17A and -17F 
in host defense against mucoepithelial bacterial infection and allergic responses. 
Immunity 30, 108-19. 

115. Grogan, J. L. and Ouyang, W. (2012) A role for Th17 cells in the regulation of 
tertiary lymphoid follicles. Eur J Immunol 42, 2255-62. 

116. Hirota, K., Turner, J. E., Villa, M., Duarte, J. H., Demengeot, J., Steinmetz, O. 
M., Stockinger, B. (2013) Plasticity of TH17 cells in Peyer's patches is 
responsible for the induction of T cell-dependent IgA responses. Nature 
immunology 14, 372-9. 

117. Maloy, K. J. and Kullberg, M. C. (2008) IL-23 and Th17 cytokines in intestinal 
homeostasis. Mucosal Immunol 1, 339-49. 

118. Duerr, R. H., Taylor, K. D., Brant, S. R., Rioux, J. D., Silverberg, M. S., Daly, M. 
J., Steinhart, A. H., Abraham, C., Regueiro, M., Griffiths, A., Dassopoulos, T., 
Bitton, A., Yang, H., Targan, S., Datta, L. W., Kistner, E. O., Schumm, L. P., Lee, 
A. T., Gregersen, P. K., Barmada, M. M., Rotter, J. I., Nicolae, D. L., Cho, J. H. 
(2006) A genome-wide association study identifies IL23R as an inflammatory 
bowel disease gene. Science 314, 1461-3. 

119. Cargill, M., Schrodi, S. J., Chang, M., Garcia, V. E., Brandon, R., Callis, K. P., 
Matsunami, N., Ardlie, K. G., Civello, D., Catanese, J. J., Leong, D. U., Panko, J. 
M., McAllister, L. B., Hansen, C. B., Papenfuss, J., Prescott, S. M., White, T. J., 
Leppert, M. F., Krueger, G. G., Begovich, A. B. (2007) A large-scale genetic 
association study confirms IL12B and leads to the identification of IL23R as 
psoriasis-risk genes. American journal of human genetics 80, 273-90. 

120. Tosolini, M., Kirilovsky, A., Mlecnik, B., Fredriksen, T., Mauger, S., Bindea, G., 
Berger, A., Bruneval, P., Fridman, W. H., Pages, F., Galon, J. (2011) Clinical 
impact of different classes of infiltrating T cytotoxic and helper cells (Th1, th2, 
treg, th17) in patients with colorectal cancer. Cancer Res 71, 1263-71. 



123 

 

121. O'Shea, J. J. and Paul, W. E. (2010) Mechanisms underlying lineage commitment 
and plasticity of helper CD4+ T cells. Science 327, 1098-102. 

122. Ciofani, M., Madar, A., Galan, C., Sellars, M., Mace, K., Pauli, F., Agarwal, A., 
Huang, W., Parkurst, C. N., Muratet, M., Newberry, K. M., Meadows, S., 
Greenfield, A., Yang, Y., Jain, P., Kirigin, F. K., Birchmeier, C., Wagner, E. F., 
Murphy, K. M., Myers, R. M., Bonneau, R., Littman, D. R. (2012) A validated 
regulatory network for Th17 cell specification. Cell 151, 289-303. 

123. Ivanov, II, Atarashi, K., Manel, N., Brodie, E. L., Shima, T., Karaoz, U., Wei, D., 
Goldfarb, K. C., Santee, C. A., Lynch, S. V., Tanoue, T., Imaoka, A., Itoh, K., 
Takeda, K., Umesaki, Y., Honda, K., Littman, D. R. (2009) Induction of intestinal 
Th17 cells by segmented filamentous bacteria. Cell 139, 485-98. 

124. Kiss, E. A., Vonarbourg, C., Kopfmann, S., Hobeika, E., Finke, D., Esser, C., 
Diefenbach, A. (2011) Natural aryl hydrocarbon receptor ligands control 
organogenesis of intestinal lymphoid follicles. Science 334, 1561-5. 

125. Arjona, A., Silver, A. C., Walker, W. E., Fikrig, E. (2012) Immunity's fourth 
dimension: approaching the circadian-immune connection. Trends in 
immunology. 

126. Male, V., Nisoli, I., Gascoyne, D. M., Brady, H. J. (2012) E4BP4: an unexpected 
player in the immune response. Trends in immunology 33, 98-102. 

127. Jostins, L.Ripke, S.Weersma, R. K.Duerr, R. H.McGovern, D. P.Hui, K. Y.Lee, J. 
C.Schumm, L. P.Sharma, Y.Anderson, C. A.Essers, J.Mitrovic, M.Ning, 
K.Cleynen, I.Theatre, E.Spain, S. L.Raychaudhuri, S.Goyette, P.Wei, Z.Abraham, 
C.Achkar, J. P.Ahmad, T.Amininejad, L.Ananthakrishnan, A. N.Andersen, 
V.Andrews, J. M.Baidoo, L.Balschun, T.Bampton, P. A.Bitton, A.Boucher, 
G.Brand, S.Buning, C.Cohain, A.Cichon, S.D'Amato, M.De Jong, D.Devaney, K. 
L.Dubinsky, M.Edwards, C.Ellinghaus, D.Ferguson, L. R.Franchimont, 
D.Fransen, K.Gearry, R.Georges, M.Gieger, C.Glas, J.Haritunians, T.Hart, 
A.Hawkey, C.Hedl, M.Hu, X.Karlsen, T. H.Kupcinskas, L.Kugathasan, 
S.Latiano, A.Laukens, D.Lawrance, I. C.Lees, C. W.Louis, E.Mahy, G.Mansfield, 
J.Morgan, A. R.Mowat, C.Newman, W.Palmieri, O.Ponsioen, C. Y.Potocnik, 
U.Prescott, N. J.Regueiro, M.Rotter, J. I.Russell, R. K.Sanderson, J. D.Sans, 
M.Satsangi, J.Schreiber, S.Simms, L. A.Sventoraityte, J.Targan, S. R.Taylor, K. 
D.Tremelling, M.Verspaget, H. W.De Vos, M.Wijmenga, C.Wilson, D. 
C.Winkelmann, J.Xavier, R. J.Zeissig, S.Zhang, B.Zhang, C. K.Zhao, 



124 

 

H.International, I. B. D. G. C.Silverberg, M. S.Annese, V.Hakonarson, H.Brant, 
S. R.Radford-Smith, G.Mathew, C. G.Rioux, J. D.Schadt, E. E.Daly, M. J.Franke, 
A.Parkes, M.Vermeire, S.Barrett, J. C. and Cho, J. H. (2012) Host-microbe 
interactions have shaped the genetic architecture of inflammatory bowel disease. 
Nature 491, 119-24. 

128. Kobayashi, T., Steinbach, E. C., Russo, S. M., Matsuoka, K., Nochi, T., 
Maharshak, N., Borst, L. B., Hostager, B., Garcia-Martinez, J. V., Rothman, P. B., 
Kashiwada, M., Sheikh, S. Z., Murray, P. J., Plevy, S. E. (2014) NFIL3-deficient 
mice develop microbiota-dependent, IL-12/23-driven spontaneous colitis. Journal 
of immunology 192, 1918-27. 

129. Ueda, H. R., Hayashi, S., Chen, W., Sano, M., Machida, M., Shigeyoshi, Y., Iino, 
M., Hashimoto, S. (2005) System-level identification of transcriptional circuits 
underlying mammalian circadian clocks. Nat Genet 37, 187-92. 

130. Liu, A. C., Tran, H. G., Zhang, E. E., Priest, A. A., Welsh, D. K., Kay, S. A. 
(2008) Redundant function of REV-ERBalpha and beta and non-essential role for 
Bmal1 cycling in transcriptional regulation of intracellular circadian rhythms. 
PLoS genetics 4, e1000023. 

131. Cho, H., Zhao, X., Hatori, M., Yu, R. T., Barish, G. D., Lam, M. T., Chong, L. 
W., DiTacchio, L., Atkins, A. R., Glass, C. K., Liddle, C., Auwerx, J., Downes, 
M., Panda, S., Evans, R. M. (2012) Regulation of circadian behaviour and 
metabolism by REV-ERB-alpha and REV-ERB-beta. Nature 485, 123-7. 

132. Kouzine, F., Wojtowicz, D., Yamane, A., Resch, W., Kieffer-Kwon, K. R., 
Bandle, R., Nelson, S., Nakahashi, H., Awasthi, P., Feigenbaum, L., Menoni, H., 
Hoeijmakers, J., Vermeulen, W., Ge, H., Przytycka, T. M., Levens, D., Casellas, 
R. (2013) Global regulation of promoter melting in naive lymphocytes. Cell 153, 
988-99. 

133. Triqueneaux, G., Thenot, S., Kakizawa, T., Antoch, M. P., Safi, R., Takahashi, J. 
S., Delaunay, F., Laudet, V. (2004) The orphan receptor Rev-erbalpha gene is a 
target of the circadian clock pacemaker. J Mol Endocrinol 33, 585-608. 

134. Pepper, M., Linehan, J. L., Pagan, A. J., Zell, T., Dileepan, T., Cleary, P. P., 
Jenkins, M. K. (2010) Different routes of bacterial infection induce long-lived 
TH1 memory cells and short-lived TH17 cells. Nature immunology 11, 83-9. 



125 

 

135. Davidson, A. J., Castanon-Cervantes, O., Leise, T. L., Molyneux, P. C., 
Harrington, M. E. (2009) Visualizing jet lag in the mouse suprachiasmatic nucleus 
and peripheral circadian timing system. The European journal of neuroscience 29, 
171-80. 

136. Bechtold, D. A., Gibbs, J. E., Loudon, A. S. (2010) Circadian dysfunction in 
disease. Trends Pharmacol Sci 31, 191-8. 

137. Scheer, F. A., Hilton, M. F., Mantzoros, C. S., Shea, S. A. (2009) Adverse 
metabolic and cardiovascular consequences of circadian misalignment. 
Proceedings of the National Academy of Sciences of the United States of America 
106, 4453-8. 

138. Spits, H. and Cupedo, T. (2012) Innate lymphoid cells: emerging insights in 
development, lineage relationships, and function. Annual review of immunology 
30, 647-75. 

139. Kiessling, R., Klein, E., Wigzell, H. (1975) "Natural" killer cells in the mouse. I. 
Cytotoxic cells with specificity for mouse Moloney leukemia cells. Specificity 
and distribution according to genotype. Eur J Immunol 5, 112-7. 

140. Kiessling, R., Klein, E., Pross, H., Wigzell, H. (1975) "Natural" killer cells in the 
mouse. II. Cytotoxic cells with specificity for mouse Moloney leukemia cells. 
Characteristics of the killer cell. Eur J Immunol 5, 117-21. 

141. Gordon, S. M., Chaix, J., Rupp, L. J., Wu, J., Madera, S., Sun, J. C., Lindsten, T., 
Reiner, S. L. (2012) The transcription factors T-bet and Eomes control key 
checkpoints of natural killer cell maturation. Immunity 36, 55-67. 

142. Mebius, R. E., Rennert, P., Weissman, I. L. (1997) Developing lymph nodes 
collect CD4+CD3- LTbeta+ cells that can differentiate to APC, NK cells, and 
follicular cells but not T or B cells. Immunity 7, 493-504. 

143. Cherrier, M. and Eberl, G. (2012) The development of LTi cells. Current opinion 
in immunology 24, 178-83. 

144. Takatori, H., Kanno, Y., Watford, W. T., Tato, C. M., Weiss, G., Ivanov, II, 
Littman, D. R., O'Shea, J. J. (2009) Lymphoid tissue inducer-like cells are an 
innate source of IL-17 and IL-22. The Journal of experimental medicine 206, 35-
41. 



126 

 

145. Eberl, G., Marmon, S., Sunshine, M. J., Rennert, P. D., Choi, Y., Littman, D. R. 
(2004) An essential function for the nuclear receptor RORgamma(t) in the 
generation of fetal lymphoid tissue inducer cells. Nature immunology 5, 64-73. 

146. Satoh-Takayama, N., Vosshenrich, C. A., Lesjean-Pottier, S., Sawa, S., Lochner, 
M., Rattis, F., Mention, J. J., Thiam, K., Cerf-Bensussan, N., Mandelboim, O., 
Eberl, G., Di Santo, J. P. (2008) Microbial flora drives interleukin 22 production 
in intestinal NKp46+ cells that provide innate mucosal immune defense. 
Immunity 29, 958-70. 

147. Moro, K., Yamada, T., Tanabe, M., Takeuchi, T., Ikawa, T., Kawamoto, H., 
Furusawa, J., Ohtani, M., Fujii, H., Koyasu, S. (2010) Innate production of T(H)2 
cytokines by adipose tissue-associated c-Kit(+)Sca-1(+) lymphoid cells. Nature 
463, 540-4. 

148. Neill, D. R., Wong, S. H., Bellosi, A., Flynn, R. J., Daly, M., Langford, T. K., 
Bucks, C., Kane, C. M., Fallon, P. G., Pannell, R., Jolin, H. E., McKenzie, A. N. 
(2010) Nuocytes represent a new innate effector leukocyte that mediates type-2 
immunity. Nature 464, 1367-70. 

149. Monticelli, L. A., Sonnenberg, G. F., Abt, M. C., Alenghat, T., Ziegler, C. G., 
Doering, T. A., Angelosanto, J. M., Laidlaw, B. J., Yang, C. Y., Sathaliyawala, 
T., Kubota, M., Turner, D., Diamond, J. M., Goldrath, A. W., Farber, D. L., 
Collman, R. G., Wherry, E. J., Artis, D. (2011) Innate lymphoid cells promote 
lung-tissue homeostasis after infection with influenza virus. Nature immunology 
12, 1045-54. 

150. Fuchs, A., Vermi, W., Lee, J. S., Lonardi, S., Gilfillan, S., Newberry, R. D., Cella, 
M., Colonna, M. (2013) Intraepithelial type 1 innate lymphoid cells are a unique 
subset of IL-12- and IL-15-responsive IFN-gamma-producing cells. Immunity 38, 
769-81. 

151. Klose, C. S., Flach, M., Mohle, L., Rogell, L., Hoyler, T., Ebert, K., Fabiunke, C., 
Pfeifer, D., Sexl, V., Fonseca-Pereira, D., Domingues, R. G., Veiga-Fernandes, 
H., Arnold, S. J., Busslinger, M., Dunay, I. R., Tanriver, Y., Diefenbach, A. 
(2014) Differentiation of Type 1 ILCs from a Common Progenitor to All Helper-
like Innate Lymphoid Cell Lineages. Cell 157, 340-56. 

152. Sonnenberg, G. F., Monticelli, L. A., Alenghat, T., Fung, T. C., Hutnick, N. A., 
Kunisawa, J., Shibata, N., Grunberg, S., Sinha, R., Zahm, A. M., Tardif, M. R., 



127 

 

Sathaliyawala, T., Kubota, M., Farber, D. L., Collman, R. G., Shaked, A., Fouser, 
L. A., Weiner, D. B., Tessier, P. A., Friedman, J. R., Kiyono, H., Bushman, F. D., 
Chang, K. M., Artis, D. (2012) Innate lymphoid cells promote anatomical 
containment of lymphoid-resident commensal bacteria. Science 336, 1321-5. 

153. Hepworth, M. R., Monticelli, L. A., Fung, T. C., Ziegler, C. G., Grunberg, S., 
Sinha, R., Mantegazza, A. R., Ma, H. L., Crawford, A., Angelosanto, J. M., 
Wherry, E. J., Koni, P. A., Bushman, F. D., Elson, C. O., Eberl, G., Artis, D., 
Sonnenberg, G. F. (2013) Innate lymphoid cells regulate CD4 T-cell responses to 
intestinal commensal bacteria. Nature. 

154. Tanriver, Y. and Diefenbach, A. (2014) Transcription factors controlling 
development and function of innate lymphoid cells. International immunology 26, 
119-28. 

155. Hoyler, T., Klose, C. S., Souabni, A., Turqueti-Neves, A., Pfeifer, D., Rawlins, E. 
L., Voehringer, D., Busslinger, M., Diefenbach, A. (2012) The transcription factor 
GATA-3 controls cell fate and maintenance of type 2 innate lymphoid cells. 
Immunity 37, 634-48. 

156. Eberl, G. and Littman, D. R. (2003) The role of the nuclear hormone receptor 
RORgammat in the development of lymph nodes and Peyer's patches. 
Immunological reviews 195, 81-90. 

157. Luci, C., Reynders, A., Ivanov, II, Cognet, C., Chiche, L., Chasson, L., 
Hardwigsen, J., Anguiano, E., Banchereau, J., Chaussabel, D., Dalod, M., 
Littman, D. R., Vivier, E., Tomasello, E. (2009) Influence of the transcription 
factor RORgammat on the development of NKp46+ cell populations in gut and 
skin. Nature immunology 10, 75-82. 

158. Kennedy, M. K., Glaccum, M., Brown, S. N., Butz, E. A., Viney, J. L., Embers, 
M., Matsuki, N., Charrier, K., Sedger, L., Willis, C. R., Brasel, K., Morrissey, P. 
J., Stocking, K., Schuh, J. C., Joyce, S., Peschon, J. J. (2000) Reversible defects in 
natural killer and memory CD8 T cell lineages in interleukin 15-deficient mice. 
The Journal of experimental medicine 191, 771-80. 

159. Constantinides, M. G., McDonald, B. D., Verhoef, P. A., Bendelac, A. (2014) A 
committed precursor to innate lymphoid cells. Nature. 



128 

 

160. Yu, X., Rollins, D., Ruhn, K. A., Stubblefield, J. J., Green, C. B., Kashiwada, M., 
Rothman, P. B., Takahashi, J. S., Hooper, L. V. (2013) TH17 cell differentiation 
is regulated by the circadian clock. Science 342, 727-30. 

161. Cella, M., Fuchs, A., Vermi, W., Facchetti, F., Otero, K., Lennerz, J. K., Doherty, 
J. M., Mills, J. C., Colonna, M. (2009) A human natural killer cell subset provides 
an innate source of IL-22 for mucosal immunity. Nature 457, 722-5. 

162. Possot, C., Schmutz, S., Chea, S., Boucontet, L., Louise, A., Cumano, A., Golub, 
R. (2011) Notch signaling is necessary for adult, but not fetal, development of 
RORgammat(+) innate lymphoid cells. Nature immunology 12, 949-58. 

163. Spits, H., Artis, D., Colonna, M., Diefenbach, A., Di Santo, J. P., Eberl, G., 
Koyasu, S., Locksley, R. M., McKenzie, A. N., Mebius, R. E., Powrie, F., Vivier, 
E. (2013) Innate lymphoid cells--a proposal for uniform nomenclature. Nature 
reviews. Immunology 13, 145-9. 

164. Boos, M. D., Yokota, Y., Eberl, G., Kee, B. L. (2007) Mature natural killer cell 
and lymphoid tissue-inducing cell development requires Id2-mediated 
suppression of E protein activity. The Journal of experimental medicine 204, 
1119-30. 

165. Savage, A. K., Constantinides, M. G., Han, J., Picard, D., Martin, E., Li, B., 
Lantz, O., Bendelac, A. (2008) The transcription factor PLZF directs the effector 
program of the NKT cell lineage. Immunity 29, 391-403. 

166. Yoshida, H., Kawamoto, H., Santee, S. M., Hashi, H., Honda, K., Nishikawa, S., 
Ware, C. F., Katsura, Y., Nishikawa, S. I. (2001) Expression of alpha(4)beta(7) 
integrin defines a distinct pathway of lymphoid progenitors committed to T cells, 
fetal intestinal lymphotoxin producer, NK, and dendritic cells. Journal of 
immunology 167, 2511-21. 

167. Holmes, R. and Zuniga-Pflucker, J. C. (2009) The OP9-DL1 system: generation 
of T-lymphocytes from embryonic or hematopoietic stem cells in vitro. Cold 
Spring Harbor protocols 2009, pdb prot5156. 

168. Yang, Q., Monticelli, L. A., Saenz, S. A., Chi, A. W., Sonnenberg, G. F., Tang, J., 
De Obaldia, M. E., Bailis, W., Bryson, J. L., Toscano, K., Huang, J., Haczku, A., 
Pear, W. S., Artis, D., Bhandoola, A. (2013) T cell factor 1 is required for group 2 
innate lymphoid cell generation. Immunity 38, 694-704. 



129 

 

169. Wong, S. H., Walker, J. A., Jolin, H. E., Drynan, L. F., Hams, E., Camelo, A., 
Barlow, J. L., Neill, D. R., Panova, V., Koch, U., Radtke, F., Hardman, C. S., 
Hwang, Y. Y., Fallon, P. G., McKenzie, A. N. (2012) Transcription factor 
RORalpha is critical for nuocyte development. Nature immunology 13, 229-36. 

170. Sawa, S., Cherrier, M., Lochner, M., Satoh-Takayama, N., Fehling, H. J., Langa, 
F., Di Santo, J. P., Eberl, G. (2010) Lineage relationship analysis of 
RORgammat+ innate lymphoid cells. Science 330, 665-9. 

171. Rankin, L. C., Groom, J. R., Chopin, M., Herold, M. J., Walker, J. A., Mielke, L. 
A., McKenzie, A. N., Carotta, S., Nutt, S. L., Belz, G. T. (2013) The transcription 
factor T-bet is essential for the development of NKp46+ innate lymphocytes via 
the Notch pathway. Nature immunology 14, 389-95. 

172. Aliahmad, P., de la Torre, B., Kaye, J. (2010) Shared dependence on the DNA-
binding factor TOX for the development of lymphoid tissue-inducer cell and NK 
cell lineages. Nature immunology 11, 945-52. 

173. Spencer, S. P., Wilhelm, C., Yang, Q., Hall, J. A., Bouladoux, N., Boyd, A., 
Nutman, T. B., Urban, J. F., Jr., Wang, J., Ramalingam, T. R., Bhandoola, A., 
Wynn, T. A., Belkaid, Y. (2014) Adaptation of innate lymphoid cells to a 
micronutrient deficiency promotes type 2 barrier immunity. Science 343, 432-7. 

174. Zheng, Y., Valdez, P. A., Danilenko, D. M., Hu, Y., Sa, S. M., Gong, Q., Abbas, 
A. R., Modrusan, Z., Ghilardi, N., de Sauvage, F. J., Ouyang, W. (2008) 
Interleukin-22 mediates early host defense against attaching and effacing bacterial 
pathogens. Nature medicine 14, 282-9. 

175. Odegaard, J. I. and Chawla, A. (2013) Pleiotropic actions of insulin resistance and 
inflammation in metabolic homeostasis. Science 339, 172-7. 

176. Mazzoccoli, G., Palmieri, O., Corritore, G., Latiano, T., Bossa, F., Scimeca, D., 
Biscaglia, G., Valvano, M. R., D'Inca, R., Cucchiara, S., Stronati, L., Annese, V., 
Andriulli, A., Latiano, A. (2012) Association study of a polymorphism in clock 
gene PERIOD3 and risk of inflammatory bowel disease. Chronobiol Int 29, 994-
1003. 

177. Castanon-Cervantes, O., Wu, M., Ehlen, J. C., Paul, K., Gamble, K. L., Johnson, 
R. L., Besing, R. C., Menaker, M., Gewirtz, A. T., Davidson, A. J. (2010) 



130 

 

Dysregulation of inflammatory responses by chronic circadian disruption. Journal 
of immunology 185, 5796-805. 

178. Sonnenberg, A. (1990) Occupational distribution of inflammatory bowel disease 
among German employees. Gut 31, 1037-40. 

179. Konturek, P. C., Brzozowski, T., Konturek, S. J. (2011) Gut clock: implication of 
circadian rhythms in the gastrointestinal tract. Journal of physiology and 
pharmacology : an official journal of the Polish Physiological Society 62, 139-50. 

180. Mendez-Ferrer, S., Lucas, D., Battista, M., Frenette, P. S. (2008) Haematopoietic 
stem cell release is regulated by circadian oscillations. Nature 452, 442-7. 

181. Doi, M., Nakajima, Y., Okano, T., Fukada, Y. (2001) Light-induced phase-delay 
of the chicken pineal circadian clock is associated with the induction of cE4bp4, a 
potential transcriptional repressor of cPer2 gene. Proceedings of the National 
Academy of Sciences of the United States of America 98, 8089-94. 

 

 


